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Chapter 1 

INTRODUCTION 

 

 

1.1 Background and Interest 

 

 Shortleaf pine (Pinus echinata Mill.) is 1 of the over 

100 species in Pinus.  Pinus is the largest conifer genus, 

with only one species naturally occurring outside of the 

Northern Hemisphere.  Phylogenetically, shortleaf pine is 

most closely related to species in the subsection Australes 

(Figure 1.1), which includes the economically important 

species loblolly pine (P. taeda L.), slash pine (P. 

elliottii Engelm.), longleaf pine (P. palustris Mill.), and 

radiata pine (P. radiata D.Don) (Gernandt et al. 2005).   

 

  

 

 

 

  

 

 Family - Pinaceae  

    Genus - Pinus L.  

      Subgenus - Pinus 

   Section - Trifolia 

     Subsection - Australes                 

  Botanical name - Pinus echinata Mill. 

Figure 1.1. Summary of the taxonomy of shortleaf pine. 
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 In the southern pines, shortleaf pine has the widest 

historical distribution. North to south, its distribution 

extends from New York to Florida and extends west through 

the Gulf States and into Oklahoma (Figure 1.2). The natural 

range of shortleaf pine in Missouri is limited to the Ozark 

Highlands and represents the northwest boundary of its 

historical occurrence (Brinkman and Smith 1968). 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Historical range of shortleaf pine. Source: Lawson (1990). 
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1.2 General 

 

 Shortleaf pine is the only pine native to Missouri.  

It is one of the four economically important southern pine 

species.  Shortleaf pine is commonly used for lumber and 

other structural materials, plywood and posts (Lawson 

1990).  The species is readily adaptable to a range of site 

conditions and soils.  It is the southern pine most 

tolerant to acid soils and has been utilized in mine 

reclamation and on other sites with badly degraded soils 

(Lawson 1990, Ponder 2007).  There is also increasing 

interest in pine silvicultural systems and biomass and 

carbon sequestration (Baker et al. 1996, Bragg and Guldin 

2010).  

 Due to exploitation in the late 19th and early 20th 

centuries, currently, shortleaf pine occupies less than 10% 

of its historic range. Most of the 6 million acres in 

Missouri originally described as shortleaf pine forest 

types have been replaced by oak-hickory forests (Cunningham 

2007, Guyette et al. 2007).  Shortleaf pine restoration is 

of major priority in the state.  The Ozark Highlands Pine-

Oak Woodland Restoration Partnership is a consortium of 

more than 20 state, federal and nongovernmental agencies 

actively promoting and facilitating shortleaf pine 
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restoration in Missouri and Arkansas (Nigh 2007).  Benefits 

of restoration include increased forest biodiversity, 

improved wildlife habitat and long-term mitigation of oak 

decline (Law et al. 2004, Mann and Forbes 2007, Masters 

2007).  Currently, natural regeneration is inadequate and 

restoration efforts rely heavily on artificial regeneration 

methods (Gwaze et al. 2007).  Despite restoration efforts, 

inadequacies in labor and funding as well as conversions to 

loblolly pine after harvest have contributed to the 

continued decline of shortleaf pine abundance (Moser et al. 

2007, Nigh 2007, Stambaugh and Muzika 2007). 

  

1.3 Life History 

 

 Shortleaf pine is a shade intolerant pioneer species 

often found in even-aged stands.  Although shortleaf pine 

is most productive on deep, well-drained, loamy soils, it 

is often out competed on these sites.  A typical shortleaf 

pine site is well drained or excessively well drained, 

nutrient poor and has thin, rocky soils, usually classified 

as Ultisols. 

 Shortleaf pine is a monoecious species flowering in 

early spring.  Seedfall occurs in late October or early 

November, and germination follows in the spring.  Seeds 
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require contact with the bare mineral soil to germinate.  

Seedlings can be shaded by faster growing hardwood species 

and fail to occupy a site.  Management against potential 

competitors is essential to ensuring successful seedling 

establishment (Lawson 1990). 

 Shortleaf pine is classified as a fire-resistant 

species.  As individuals mature, a thick bark develops and 

protects the cambial tissue. At maturity, individuals can 

withstand fires of low to moderate severity, but will not 

survive a high intensity crown fire.  Young seedlings 

usually succumb to fire even of low intensity.  Seedlings 

and relatively immature trees are able to re-sprout if 

severely damaged or killed.  Following a fire, pine stands 

often have a dramatic increase in regeneration as the bare 

mineral soil is exposed and competition removed (Lawson 

1990). 

    

1.4 Shortleaf Pine Tree Improvement in Missouri 

 

 In the early 1960s the USDA Forest Service established 

the Mark Twain National Forest shortleaf pine tree 

improvement program in response to the need to restore the 

ecological and economic importance of shortleaf pine.  In 

the 1960s, the Mark Twain National Forest began genetic 
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conservation and tree improvement endeavors for shortleaf 

pine.  Fifty superior trees from Missouri forests were 

identified; scions were collected, grafted to root-stock 

and employed in the establishment of a first generation 

seed orchard in Mt. Ida, Arkansas at the Ouachita National 

Forest.  In the late 1970s and early 1980s, breeding 

efforts via controlled pollination began in the seed 

orchard and resulted in over 300 families.  Additionally, a 

few crosses were made between material from the Mark Twain 

and Ozark National Forests.  An exceptionally large crop of 

open pollinated cones was harvested in 1986.  Seeds from 

this harvest continue to be Missouri’s primary source of 

shortleaf pine seed on both public and private lands.  A 

progeny test was planted at the George O. White State 

Forest Nursery in Licking, MO in 2002 by the Missouri 

Department of Conservation in collaboration with Mark Twain 

National Forest.  The plantation was established using 

material grown from seeds produced by crosses between Mark 

Twain trees, crosses between Mark Twain and Ozark trees, 

and from the open pollinated seeds harvested in 1986. 
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1.5 Objectives of Study 

 

 The shortleaf pine tree improvement program in 

Missouri was initiated to address restoration needs, but 

there have been very few reports of genetic parameters 

estimated for the species - both in and out of the state.  

Knowledge of the genetic architecture of a population is 

essential to the success of any improvement program.  To 

the author's knowledge this is the first shortleaf pine 

study utilizing full-sib data and represents one of the 

largest data sets involving pedigreed shortleaf pine - if 

not the largest.  Using data from a full-sib progeny trial 

established at Licking, MO, this thesis aims to provide 

foundational information on this population's genetic 

structure as well as increasing the body of knowledge 

surrounding the genetic architecture of shortleaf pine. 

 

This study will focus on genetic parameters for diameter, 

height and volume.  The specific objectives of this thesis 

are to: 

1. determine if additive and dominance variance 

significantly vary from zero, 

2. estimate the following genetic parameters: 

 a. additive genetic variance 
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 b. dominance variance 

 c. heritability 

3. estimate individual general combining abilities for 

parents 

4. estimate individual specific combining abilities for 

full-sib crosses 

5. and assess implications for future breeding strategies. 
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Chapter 2 

CONCEPTUAL FRAMEWORK 

 
 

 Although often used interchangeably, the terms tree 

improvement and tree breeding describe concomitant but 

distinct enterprises.  In general terms, a tree breeder's 

task is to produce superior phenotypes by the accumulation 

of favorable genotypes via the control of parentage (Allard 

1999, Bourdon 2000).  Tree improvement combines 

silivicultural practice and breeding activities to maximize 

overall yields in the desired trait(s) (Zobel and Talbert 

1984). 

  

2.1 Selection and Genetic Diversity  

 

 Successful tree improvement programs attain gains as 

efficiently as possible while maintaining a broad genetic 

base in both the short- and long-term.  There is an 

inherent trade-off between genetic gain and genetic 

diversity.  Genetic gain is realized through selection, 

that is, the inclusion of individuals with desirable 

genotypes and exclusion of those unfavorable.  The 

exclusion of genotypes "upgrades" the overall genetic merit 
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of a population but also reduces the number of genotypes 

from which to make future selections. Continued gains are 

not possible without adequate genetic diversity (Hallauer 

et al. 2010).   

 Moreover, as genetic diversity decreases in a 

population, relatedness among individuals increases.  

Mating of closely related individuals (inbreeding) usually 

has negative effects on the survival and/or growth of the 

subsequent progeny (inbreeding depression). Techniques to 

sustain genetic resources vary with individual programs and 

often include maintaining pedigree records to avoid inter-

mating of related individuals or the introduction of new 

unrelated genotypes into a population (White et al. 2007).   

 There is one more reason to maintain a broad genetic 

base: the inability to predict what genotypes will be of 

future value.  The economic value of a trait is conditional 

on market forces and technologies, which are continually 

changing and developing.  Additionally, there is no way to 

predict what genotypes are of future ecological importance.  

The narrower a population's genetic base the more likely 

genotypes favorable to the new pressures are unavailable.  

The current pest problems of many agricultural crops are a 

testament to this reality (Namkoong et al. 1988).  
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2.2 Polygenic Traits   

 

 Most morphological traits in forest trees are 

polygenic (White et al. 2007), meaning there are many 

alleles at many loci influencing phenotypic expression for 

any given trait (Bourdon 2000).  An individual's phenotype 

for any given trait is a function of genetic and 

environmental influences. The simplest linear model for 

this relationship is: 

 

P = G + E  (2.1) 

 

Where: P= the phenotype of an individual for a given  

trait,  

G= the genotype of an individual for the trait,  

and  

E= the environmental effect on the individual's  

phenotypic expression for the trait.   

 

For most polygenic traits, genetic effects can be further 

partitioned to reflect mode of gene expression (Bourdon 

2000).  

 Each of the many alleles affecting a trait has either 

a positive or negative influence on phenotype. When an 
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allele's influence on trait expression is unaffected by 

other alleles, it is said to be independent. Additive gene 

effects (A) are the summation of the independent gene 

effects for a trait of interest.  Dominance gene effects 

(D) are those due to interactions between specific allele 

combinations and therefore non-additive.  Most commonly, 

interactions occur between alleles at the same locus in 

which one of the alleles has more effect than the other, 

called dominance.  Strictly speaking, epistatic effects can 

contribute to non-additive gene effects.  Epistasis occurs 

when the expression of a pair of alleles at one locus are 

affected by one or alleles at another locus or loci 

(Bourdon 2000).  However, epistatic effects are usually 

considered negligible and ignored (Falconer and Mackay 

1996). 

 To expand equation to 2.1 to include the partitioning 

of genetic effects: 

 

P = A + D + E  (2.2) 

 

Where: P= the phenotype of an individual for a given  

trait,  

A= the additive gene effect of an individual 

for the trait,  
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D= the dominance gene effect of an individual 

for the trait, 

E= the environmental effect on the individual's 

 phenotypic expression for the trait, 

 

where total genetic effects are the sum of additive and 

dominance gene effects and epistatic effects are assumed 

negligible and ignored (Bourdon 2000). 

 Additive and dominance gene effects also differ in 

their transmissibility from parent to sexually produced 

offspring.  According to the principle of segregation, for 

a given trait, the pair of alleles from each parent 

separates during meiosis, and one allele from each parent 

is randomly transmitted to the offspring.  The newly formed 

allele pairs are inherited independently of each other (the 

principle of independent assortment) (Bourdon 2000).  The 

specific gene combinations present in a parent do not 

survive the processes of segregation and independent 

assortment and are not passed to progeny.  Consequently, 

dominance genetic effects, emerging from allelic 

interactions, are not inherited by offspring.  Additive 

effects represent the heritable portion of an individual's 

genotype (Bourdon 2000).  
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 Ideally, information regarding the relative influences 

of genetic effects and environment on phenotype is used to 

guide selection and breeding strategies.  The information 

cannot be gleaned on observations in natural stands because 

nothing is known about parentage and environment is highly 

variable.   Without control of both genetics and 

environment, it is impossible to determine if a 

phenotypically-superior individual is so because of 

superior genetics or superior environment (Zobel and 

Talbert 1984).  In tree breeding, experiments, or genetic 

tests, are often established with trees of known parentage 

planted in a common garden.  Genetic testing provides the 

only avenue to control both influences and is central to 

most tree improvement programs (Namkoong et al. 1988).  

Genetic tests are further discussed later in this chapter. 

 A particular difficulty emerges in the genetic 

analyses of polygenic traits. For any given polygenic trait 

there are many different controlling alleles at many 

different loci.  Mendelian analytical method cannot be 

applied to the more complex mode of inheritance found in 

these traits (Falconer and Mackay 1996).   

 Quantitative genetics is the study of polygenetic 

traits. Effective analytical methods have emerged from this 

field (Falconer and Mackay 1996).  Ronald Fisher is largely 
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credited with developing the first biometric model for 

continuous traits in his examination of correlations 

between human relatives, a seminal work in the field of 

quantitative genetics (Fisher 1918, Piegorsch 1990).  

Because observations on the individual are unrevealing, 

quantitative genetic analyses involve data from large 

populations of relatives and observations on means. 

Statistical models are used to examine the resemblance 

between relatives (Falconer and Mackay 1996).  It is these 

estimates of phenotypic variance between and among kin from 

which all genetic inferences follow (Allard 1999).  

 

2.3 Genetic Parameters 

 

 In any given genetic test, there is a substantial 

amount of phenotypic variation (Hallauer et al. 2010).  A 

major objective in almost all tree breeding programs is the 

estimation of components contributing to total phenotypic 

variance. Once tree breeders know the relative magnitude of 

each variance component, they can begin to make decisions 

about how best to manipulate or exploit each component to 

maximize gain or maintain genetic diversity.  Classically, 

estimates are derived from progeny data through the 

analysis of variance (ANOVA).   
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 The nature of the subsequent inferences is determined 

by assumptions made about the breeding population.  If 

parents are considered a random sample from a larger 

population (Griffing Model II), estimates are applicable to 

the population from which the parents were sampled.  If 

evaluated as fixed effects (Griffing Model I), inferences 

are limited to the genotypes represented in the analysis 

(Griffing 1956). 

 Regardless of assumptions, conclusions drawn from 

genetic analyses are specific to the defined reference 

population exposed to a specific set of environmental 

influences.  Inferences from one population do not apply to 

another population, particularly if there are interactions 

between genotypes and environment or a correlation between 

genotype and environment (Cockerham 1963). Genotype x 

environment interactions exists if differences in 

environments have an unequal effect on the genetic values 

of individuals.   Correlations arise when environment and 

genotype are not independent, i.e. when individuals with 

superior genotypic values are exposed to superior 

environments (Falconer and Mackay 1996).  Only after 

genotypes are evaluated in many different environments can 

generalizations be made about their performances (Cockerham 

1963).  In addition to being population and environment 
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specific, parameter estimates are trait and age specific.  

Unless influenced by the same alleles and loci, a trait's 

parameter estimates are independent of one another 

(Hallauer et al. 2010). 

 Although the general theories of analysis apply to all 

scenarios, exact analytic procedures vary with the 

different types of populations (inbred, hybrid, unimproved, 

etc.), mating designs (open-pollinated, factorial, diallel, 

etc.) and data structure (balanced, unbalanced, univariate, 

etc.).  The discussion of genetic parameter estimates in 

this chapter is intended as a broad presentation of 

relevant concepts.  Likewise, examples are illustrative in 

purpose and should not be considered instructive to a 

specific quantitative genetic analysis.  The hypothetical  

populations in the below discussions should be assumed to 

be unimproved, randomly mating populations yielding 

balanced data.   

      

2.3.1 Genetic Performance 

   

 Estimates of the effects of each parent and each cross 

are obtained when parental effects are considered fixed 

(Hallauer et al. 2010).  Effects are expressed in terms of 

combining abilities.  First described by Sprague and Tatum 
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(1942) in the context of corn breeding, combining abilities 

have been demonstrated to also be useful in a tree 

improvement context.  General combining abilities (GCA) 

reflect the estimated genetic value of individual parents.  

Specific combining abilities (SCA) refer to a specific 

cross between two specific parents.  Statistically, GCAs 

represent main effects, and SCAs represent interactions 

(Falconer and Mackay 1996).  Both combining abilities can 

be expressed in absolute units, but they are more 

informative expressed as deviations from means (Zobel and 

Talbert 1984).  The magnitudes and signs of the deviations 

are used to determine the relative genetic merit of parent 

trees and their progeny (Hallauer et al. 2010).  The two 

combining abilities reflect very different types of 

performance and have different utility to tree improvement 

programs (Namkoong et al. 1988). 

 Parental GCA estimates the genetic value of a parent 

through the average performance of its progeny relative to 

population mean (Sprague and Tatum 1942).  GCA is a 

reflection of a parent's ability to transmit genes, a 

parent's additive genetic value, irrespective of the other 

parent involved in the cross.  Parents producing progeny 

with above average performance have positive GCAs and are 

said to be good general combiners.  Because GCA is 
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reflective of the portion of genetic value that is 

heritable, it is a value on which predictions can be made 

and is the type of combining ability most often utilized in 

tree breeding (Falconer and Mackay 1996, Yanchuck 1996). 

  SCA is an evaluation of a specific cross, expressed as 

a deviation from mean performance predicted from the GCAs 

of the parents involved.  More simply, the mean performance 

of a full-sib family is compared to a prediction of their 

performance that was made based on the GCAs of the parents.  

Progeny from good general combiners are expected to have 

above average performance.  SCA is the difference between 

the observed performance and the predicted performance.  

SCA reflects the gene combinations unique to a particular 

full-sib cross, the dominance genetic value.  As the non-

heritable part of genetic value, SCA is only transmissible 

via vegetative propagation, assorted mating and elite, two-

parent seed orchards (Wilcox et al. 1975, Yeiser 1988, Wu 

and Matheson 2004). The utilization of SCA is considerably 

more challenging and resource intensive than the use of GCA 

and is not widely incorporated in tree breeding (Yanchuck 

1996). 

 Combining ability estimates are often used in 

selection.  They are used to determine which parents will 

remain in the population (backward selection), or, 
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alternately, which progeny will become the next generation 

of parents (forward selection) (White and Hodge 1986).  

Both combining abilities are trait, populations and site 

specific and are only informative when interpreted within 

this context.  The estimates themselves are meaningless 

when considered alone.  For example, a cross could have an 

estimated SCA of +3 for height, but may, on average, be 2 

feet shorter than other trees in the population.  The 

positive SCA, in this case, indicated better than was 

expected performance but was not informative of the 

relative merit of the cross.  Additionally, parents can be 

good general combiners for both desirable and undesirable 

traits.  Interpretations of implications of high GCA 

estimates are vastly different in the two scenarios.  

Consider a parent found to be a good general combiner for 

drought sensitivity.  An above average GCA for that 

particular trait does not indicate the parent is desirable. 

Combining abilities do not necessarily follow genotype.  A 

parent or cross can have a relatively high estimate for one 

trait and a low estimate for another (Zobel and Talbert 

1984).    
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2.3.2 Variance Estimates     

 

 Under a random model, estimates made on progeny data 

are paired with information from progeny records in order 

to make variance component estimates at the population 

level.  Classically, estimation begins with the 

construction of a linear model.  As an example, a simple 

model for the analysis of variance in full sib progeny data 

is: 

 

Yijkl = µ + $i + gj + gk + sjk + eijkl  (2.3) 

 

Where: Yijkl=     the observation on a lth tree of the 

           jkth full-sib family with jth female and  

       kth male parent in the ith replication, 

%&! !!!!!!!!the population mean,   

$i=    the replication effect,  

gj=    the ith female general combining ability,  

gk=      the kth male general combining ability  

sjk=     specific combining ability of ith male  

    with jth female, and  

eijkl=    the within plot error effects and assumed  

    to be normally distributed with a mean of  

    0 and variance of 'e2.  
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(Hallauer et al. 2010).  From the linear model, a model 

reflecting total phenotypic variance can be expressed as: 

 

σ2
P = σ2

μ + σ2
GCA + σ2

SCA + σ2
R  (2.3) 

 

Where: σ2
P=   the total phenotypic variance, 

σ2
μ=    the variance of the population mean,  

σ2
GCA=   the variance of GCA among parents,  

σ2
SCA=   the variance of SCA among full-sib  

   crosses, and  

σ2
R=   the variance of residual effects 

 

if parents are not distinguished by sex or group and 

assuming no correlations between genotypes and environments 

and no genotype x environment interaction (Falconer and 

Mackay 1996, White et al. 2007).  Residual variances 

represent all non-genetic variances, including error, 

replicate effects, age effects and some extraneous effects.  

Residual variances are equivalently referred to as 

environmental variances (Falconer and Mackay 1996). 

   As the variance of population mean is a constant and can 

be assumed to be zero, equation 2.3 can be reduced to: 
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σ2
P = σ2

GCA + σ2
SCA + σ2

R  (2.4) 

 

(White et al. 2007).   

 Once variance component estimates have been obtained 

through ANOVA, estimates are then translated to population 

level estimates using the coefficients of coancestry 

derived from the expected covariance of relatives.  

Developed theoretically by Cockerham (1954, 1963) and 

Kempthorne (1954, 1957), the concept of the covariance of 

relatives reflects genetic resemblances between relatives 

and describes the probability that any two relatives will 

have identical alleles based on their degree of relatedness 

(Hallauer et al. 2010).  For example, since a parent only 

contributes half of its genotype to its progeny, the 

probability that they will have identical alleles at a 

given locus is 50%.  Based on these probabilities, 

coefficients of coancestry were developed and are used to 

translate ANOVA estimates into population parameters 

(Falconer and Mackay 1996, Hallauer et al. 2010). 

For example, it can be shown that the probability that 

full-sibs will have identical alleles is 4xσ2
GCA for genes 

with additive effects and 4σ2
SCA for genes with dominance 
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effects (Kempthorne and Curnow 1961, Hallauer et al. 2010).  

Symbolically: 

 

σ2
P = 4σ2

GCA + 4σ2
SCA + σ2

R = σ2
A + σ2

D + σ2
R  (2.5) 

 

Where: σ2
P=   the total phenotypic variance, 

σ2
GCA=   the variance of GCA among parents,  

σ2
SCA=   the variance of SCA among full-sib  

   crosses,  

σ2
A=   the additive variance,  

σ2
D=   the dominance variance, and  

σ2
R=   the variance of residual effects. 

 

(Hallauer et al. 2010).  

 Epistatic variances could be added to the above 

equations.  Although usually small enough to be considered 

trivial, if not partitioned, any variance due to epistatic 

effects will remain in estimates of additive and dominance 

variance.  This observation serves to illustrate an 

important consideration regarding assumptions about 

additive and dominance variances.  The terms additive 

variance and dominance variance are not indications of gene 

action (Falconer and Mackay 1996).  By convention, additive 
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variance is simply the variance associated with GCA and 

dominance variance with SCA (Hallauer et al. 2010). 

 The most precise estimates of variance components 

emerge from experiments evaluating genotypes over several 

environments.  Evaluating progeny's performance with 

exposure to varying environmental conditions allows the 

partitioning of genotype x environment interactions and the 

detection of correlation between genotype and environment. 

By reducing environment noise, generalizations become more 

meaningful.  Examination of changes in genotypes' relative 

performances provides information useful in deployment 

decisions.  Genotypes can more accurately be deployed to 

the environment for which they are best suited (White et 

al. 2007).    

 

2.3.3 Coefficients of Variation 

 

 Direct comparisons of variance estimates are not 

meaningful, in part due to scale effects.  Scale effects 

are attributable to variance following population mean 

(e.g. with trees growth over time, mean height increases 

and is arithmetically followed by variance) (Falconer and 

Mackay 1996).  Coefficients of variation (CV) standardize 

estimates of "apparent" variances, thereby minimizing scale 
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effects and allowing for improved comparison of "absolute" 

variances (Foster 1986) across traits and ages(Lande 1977, 

Houle 1992, Falconer and Mackay 1996). CVs are 

dimensionless measures (Lande 1977), generally estimated by 

the ratio of a trait standard deviation to mean (Zar 1999).  

Although dimensionless, estimates remain somewhat biased by 

dimensionality; CVs of traits measured linearly are smaller 

than those of areal dimensions, which are smaller than 

those of volumes (Lande 1977). 

 

2.3.4 Ratio of Dominance Variance to Additive Variance 

 

 The relative contributions of additive and dominance 

variances to total genetic variance are estimated with the 

ratio of dominance variance to additive variance.  

Symbolically: 

 

σ2
D / σ2

A  (2.6) 

 

Where: σ2
A=   the additive variance, and  

σ2
D=   the dominance variance 

 

assuming no epistasis or linkage. An estimated ratio of 

approximately 1 indicates that both components' 
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contributions to total genetic variance are relatively 

equal.  Larger ratios indicate dominance variance is more 

influential in the genetic control of trait expression.  

Smaller ratios indicate additive variance is more important 

(Hallauer et al. 2010).   

 

2.3.5 Heritability 

 

 Of considerable importance in tree breeding, 

heritability estimates express the proportional 

contribution of genetic variation to total phenotypic 

variation, in a given trait in a given population.  There 

are two kinds of individual-tree heritabilities.  Broad-

sense heritability (H2) is the ratio of total genetic 

variance to total phenotypic variance for a given trait.  

It expresses the degree to which trait expression is 

influenced by genotype.  Symbolically: 

 

H2 = σ2
G / σ2

P  (2.7) 

 

Where: H2=   broad-sense heritability  

σ2
G=   the total genetic variance, and 

σ2
P=   the total phenotypic variance 
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(Falconer and Mackay 1996).  Broad-sense heritability 

estimates range from 0 to 1, with 0 indicating that all of 

the phenotypic variation observed in a population emerged 

from non-genetic effects, and 1 indicating that all 

phenotypic variance was due to genetics.  Since broad-sense 

heritability includes both additive and dominance variance, 

its application in tree improvement usually is limited to 

vegetatively propagated material (Namkoong et al. 1988). 

   Narrow-sense heritability (h2) expresses the magnitude of 

a parent population's genetic contribution to their 

progeny, the degree to which progeny performance can be 

predicted by parentage.  It is defined as the proportion of 

phenotypic variance attributable to additive variance.  

Symbolically: 

 

h2 = σ2
A / σ2

P  (2.8) 

 

Where: h2=   broad-sense heritability  

σ2
A=   the additive genetic variance, and 

σ2
P=   the total phenotypic variance 

 

(Falconer and Mackay 1996).  Narrow-sense heritability 

estimates also range from 0 to 1, with, substituting 

additive variance for genetic variance, similar 
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interpretations as those for broad-sense heritability 

(Namkoong et al. 1988).  As it involves only the 

transmissible portion of genetic variance, narrow-sense 

heritability is used to inform the decisions involving 

sexually propagated material and is widely used in tree 

improvement programs (White et al. 2007).   

 Heritability estimates inform decisions regarding 

choice of trait for selection.  All other things being 

equal, traits with comparatively higher heritabilities are 

more preferable, due to their more predictable response to 

selection. Estimates of heritability are also used in 

analyses to predict potential gains and to develop indices 

to direct selection for more than one trait or factor 

(White et al. 2007).  

 Both types of heritabilities are functions of the 

genetic structure of the population as well as the 

environment in which the population is grown.  Factors such 

as heterogeneous site conditions, measuring errors and pest 

events will increase total variance and lower heritability 

estimates.  Careful management and homogeneous field 

conditions reduce environmental variance estimates, 

decreasing the denominators in heritability equations, and 

thereby increasing heritability estimates (Lopez-Upton et 

al. 1999, Roberds et al. 2003).   
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 Environmental considerations further apply to 

heritability estimates derived from tests consisting of a 

single site.  Single-site heritabilities are always biased 

upwardly because the variance due to genotype x environment 

interactions cannot be partitioned.  When not partitioned, 

a portion of genotype x environment variance remains in the 

estimates of additive and dominance variance.  Numerators 

are spuriously increased, resulting in imprecise 

heritability estimates (Falconer and Mackay 1996). 

 

2.4 Genetic Testing 

 

 Common garden, genetic tests are established and 

maintained in the vast majority of tree improvement 

programs.  With the minimized effects of environmental 

variation, the efficiency of superior parent selection is 

subsequently increased (Namkoong et al. 1988).  Depending 

on their primary objective, genetic tests fall into 

categories that include progeny tests, research experiments 

and demonstration plantings (White et al. 2007).  Given the 

high costs and lengthy timelines associated with breeding 

and field experiments, genetic tests are commonly designed 

around multiple objectives. The most common objectives 

associated with genetic tests are (1) progeny testing, (2) 
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estimation of genetic parameters, (3) establishment of a 

new base population and (4) demonstration or estimation of 

genetic gains (McKinley 1983, White et al. 2007).  

 

2.4.1 Progeny Testing 

 

 Part of most programs, progeny tests are an 

extensively utilized form of genetic testing in forest tree 

improvement (Franklin and Squillace 1973).  Progeny tests 

were first developed in 1856 by de Vilmorin and first 

advocated by Lindquist (1948) for use in forest species 

(White et al. 2007).   Although occasionally and 

incorrectly used to describe any field trial involving 

pedigreed material, progeny test is a moniker reserved 

specifically for tests with an objective of assessing the 

genetic worth of the parent trees (Franklin and Squillace 

1973, McKinley 1983). Progeny tests are, ideally, carefully 

designed field experiments in which the progeny from a 

population of interest are grown together in order to make 

evaluations of the parents for a given trait(s) (White et 

al. 2007).  Strictly speaking, the inferences made in 

progeny testing are limited to the genotypes evaluated in 

the trial and cannot be considered population parameters 

(Griffing Model I) (Griffing 1956).    
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2.4.2 Estimation of Genetic Parameters 

 

 By assuming parents are a random sample from a larger 

population (Griffing Model II), data from progeny tests can 

usually yield estimates of genetic parameters in a larger 

population.  In addition to the genetic parameters 

described in the above discussions, these tests are used to 

estimate optimum selection age, trait-trait correlations, 

determine breeding zones, among others.  Tests designed to 

define genetic architecture provide information crucial to 

decisions about breeding, selection, designs of field 

experiments, breeding zone definition, and deciding if and 

how a trait will be included in breeding programs (Libby 

1973, White et al. 2007).  

 

2.4.3 Establishing Base Population 

 

 A program's base population consists of the entire 

population of trees available for selection.  In the 

initial phases of tree improvement, natural stands serve as 

the base population (White et al. 2007).  Progeny 

established in genetic trials often become the next 

generation from which to make advanced-generation 

selections (McKinley 1983).  Later, using information 
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gained from genetic trials, the plantation is rogued, 

eliminating inferior families from the population.  

Families identified as superior (or superior individuals 

within superior families) become the next generation's 

selected population (White et al. 2007). 

 A selected population consists of those trees from the 

base population identified as superior.  Selected 

populations can concurrently function as breeding 

populations as well as deployment (or production) 

populations.  Both breeding and deployment populations are 

formed by some or all the individuals in the selected 

population and are used to produce new genetically superior 

material.  Progeny from the breeding population are used in 

the next generation of genetic testing.  Material from the 

deployment population is utilized in operational 

activities.  In all populations, genetic gains must be 

balanced with the maintenance of genetic diversity.  It is 

not uncommon for deployment populations to include fewer 

genotypes to maximize gain, while the breeding populations 

maintain genetic diversity for sustained improvement (White 

et al. 2007). 
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2.4.4 Demonstration or Estimation of Genetic Gains 

 

 The validation of genetic gains can be achieved with 

data collected from genetic trials established to estimate 

population parameters, progeny test or from test singularly 

established as a genetic gain trial (McKinley 1983).  Gains 

are assessed by comparing the means in the populations of 

interest.  Common comparisons include improved versus 

unimproved materials, genotypes developed earlier stages of 

improvement versus later or material developed in different 

programs (White et al. 2007).  By establishing individuals 

from the population of interest in a common environment, 

performance can be directly compared and genetic gain 

assessed. 

 

2.5 First Generation Mating Designs 

 

 The nature, value and amount of information gained 

from genetic testing is heavily influenced by the mating 

design employed.  Mating designs specify "exactly how 

parents are intermated" (White et al. 2007).  Several 

mating schemes exists, each applicable to different, 

although sometimes overlapping, objectives (Namkoong and 

Roberds 1974, van Buijtenen 1976, Zobel and Talbert 1984).  
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In general, mating designs fall into two general 

categories: incomplete pedigree and complete pedigree 

mating designs.  Incomplete mating designs produce progeny 

with no more than one known parent; likewise, complete 

mating designs are those in which both parents are known.  

Within these broad groups, further divisions are based on 

the number and pattern of crosses.  

 Each design has its own suite of general strengths and 

weaknesses.  However, comparative evaluations of mating 

designs must include considerations regarding the trait(s) 

of interest and particularities of the tree improvement 

program in question.  The utility of a mating design is 

program specific.  A design that addresses the objective(s) 

of one tree improvement program may not address the 

objective(s) of another (Burdon and Shelbourne 1972, 

Namkoong and Roberds  1974).  Also, relative efficiency in 

genetic parameter estimation can change with trait 

heritability and number of parents (Namkoong and Roberds 

1974).  In general, the below mating designs are considered 

in order of increasing human and financial resource 

demands. Additionally, as each of the designs below allow 

adequate assessment, genetic gain estimation will not be 

discussed for every scheme (Zobel and Talbert 1984). 
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2.5.1 Incomplete Pedigree Mating Designs 

 

 The amount of available pedigree information varies by 

design.  In general, incomplete pedigree mating designs are 

less elaborate and require fewer resources than complete 

pedigree mating designs.  Subsequently, incomplete pedigree 

designs yield less information as compared to their 

complete pedigreed counterparts.  However, the trade off of 

less information for fewer inputs may be desirable 

depending on a program's breeding objectives and available 

resources.  Specific incomplete pedigree designs are 

considered below. 

 

No Pedigree Control  

 When no control is exerted on pedigree, a single bulk 

collection of seed is made when parents mate via wind 

pollination. Since no pedigree information is available for 

either parent, it is impossible to rank the genetic worth 

of parents or to make any genetic parameter estimations.  

For progeny without pedigree, usefulness is limited to 

comparing realized gains of different bulk collections and 

for establishing base population from which selections are 

made phenotypically (White et al. 2007). 
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Open-Pollinated Mating Design  

 Open-pollinated progeny data can be used to rank 

female parents.  If 100 or more families are produced, 

estimates involving additive variance can be obtained.  

Estimates involving dominance variance cannot be obtained 

through an open-pollinated mating design, as only one 

parent is known (Burdon and Shelbourne 1972).  The 

estimates involving dominance variance require that both 

parents be known (Cockerham 1963, Falconer and Mackay 1996, 

Namkoong 1981). Models to estimate parental rankings and 

genetic variance assume a random pollination pattern 

(Hallauer et al. 2010).  Results will be biased in the 

presence of a nonrandom pollination pattern.  This is a 

particular concern in young plantations when a few 

precocious individuals produce disproportionate amounts of 

pollen (Zobel and Talbert 1984). 

 Progeny test of open-pollinated progeny may have 

limited effectiveness as source of material for advanced-

generation selections due to an increased risk of 

inbreeding.  Because the identities of the male parents are 

unknown, there is no way of knowing if selected individuals 

are paternally related (van Buijtenen 1976).   
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Polycross Design  

 In polycross mating, pollen from a number of male 

parents is collected and mixed.  The pollen mix is used to 

pollinate female parents through controlled pollination 

methods (Burdon and Shelbourne 1972).  Progeny data can be 

used to obtain rankings of the female parents, assuming 

random pollination patterns (Burdon and Shelbourne 1972, 

van Buijtenen 1976).   

 Relative to the other mating designs considered here, 

polycross designs have equal or greater efficiency in 

estimations involving additive variance (White et al. 

2007).  Like open-pollinated designs, dominance variance 

estimates and its derivative statistics are not obtainable 

because only the female parents' identities are known 

(Burdon and Shelbourne 1972). The use of polycross designs 

to establish advanced-generation base populations may be 

limited because of inbreeding concerns related to the 

unknown identities of the male parents (Burdon and 

Shelbourne 1972, White et al. 2007).  

 

2.5.2 Complete Pedigree Mating Designs 

 

 All complete pedigree designs involve control 

pollination.  For each design, logistical complexity and 
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resource demands increase with the number of crosses.  

Although the disadvantages associated with greater costs 

demand serious consideration, the advantages lie in the 

elevated control over mating and, often, an increase in the 

amount of information yielded (White et al. 2007, Zobel and 

Talbert 1984).  Complete pedigree designs are examined 

below. 

  

Single-Pair Mating Design  

 Each parent is involved in exactly one cross (Figure 

2.1).  Because only one family per parent is produced, 

single-pair mating cannot be used to estimate parental 

performance or variance parameters as family means cannot 

be calculated.  The primary asset of single-pair mating is 

that the number of unrelated families produced is maximized 

relative to the number of crosses.  Even so, when using 

single-mating design alone, the ability to make gains from 

future selections is limited, as the likelihood of crossing 

two parents of above average genetic merit is greatly 

diminished.  For all of the above reasons, single-pair 

mating is not extensively employed in tree breeding (Zobel 

and Talbert 1984, White et al. 2007). 
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Square Factorial Mating Design  

 Parents are divided into two groups and the parents 

from each group are crossed with all the parents of the 

other group (Figure 2.2).  Progeny data produces two sets 

of parental rankings, one for each group of parents. As the 

two groups are not genetically connected, the parental 

rankings cannot be compared.  Additionally, genetic 

parameter estimates are obtained separately for each group.  

Square factorial mating designs can be used to create base 

populations, as long as careful attention is paid to family 
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relatedness to minimize the risk of inbreeding (White et 

al. 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nested Mating Design  

 Parents are divided into two groups, a common sex 

group and a rare sex group.  The common sex group has a 

greater number of parents and each parent is mated once. 

The rare group has fewer individual parents and each parent 

is mated to a different set of parents from the common 

group (Figure 2.3) (Burdon and Shelbourne 1972, White et 

al. 2007, Zobel and Talbert 1984). 
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 Nested mating designs are of limited utility in 

progeny testing and genetic parameter estimation because 

the two groups of parents are considered separately.  For 

the common sex, parents are only involved in onw cross, 

parental rankings are extremely imprecise and total genetic 

variance cannot be partitioned.  For the rare sex parents, 

the progeny between different set are not genetically 

connected and parental ranks between groups are not 

directly comparable.  Genetic variance can be partitioned 

for the rare sex groups, although, estimates are imprecise 

due to the small numbers of parents.  Nested mating designs 

are not often used to create base populations as the number 

of unrelated families is limited by the number of rare sex 

parents (Burdon and Shelbourne 1972).  
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Full Diallel Mating Design  

 Both parents are used as both male and female and all 

possible crosses are made, including selfs and reciprocal 

crosses (Figure 2.4) (Burdon and Shelbourne 1972, van 

Buijtenen 1976).  Selfs are created when a parent tree is  

pollinated with its own pollen.  Reciprocal crosses are two 

matings involving two parents in which, in the first 

mating, the first parent was used as a female, the second 

as the male (Zobel and Talbert 1984). 
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 Full diallels provide the most comprehensive 

information and are the most elaborate of the mating 

designs. Information from these designs allow parental 

rankings and parameter estimates as well as estimates of 

selfing and reciprocal effects.  Compared to other mating 

designs, they provide the most unrelated families relative 

to the number of parents. Full diallel mating also requires 

the most crosses of all the mating designs.  For N parents, 

there are N2 required crosses.  Factors such as parental 

incompatibility and limits in human resources often make it 

very difficult to achieve all of the crosses required.  

Further, at even small numbers of parents, diallel mating 

is often cost prohibitive for improvement programs (Burdon 

and Shelbourne 1972, van Buijtenen 1976).  

 

Half Diallel Mating Designs  

 Half diallels are modifications of the full diallel 

design requiring half the number of crosses  (Figure 2.5).  

Selfs and reciprocal crosses are not made and are assumed 

to have negligible effects.  Parental rankings and 

parameter estimates are still achievable with only 

minimally diminished precision. The loss in precision is 

offset by the accommodation of a larger number of parents.  

Half diallel designs can produce a large number of 
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unrelated families and be effective in creating base 

populations for future selection (Burdon and Shelbourne 

1972, van Buijtenen 1976).  Half-diallels are often 

difficult for programs to utilize.  Even though less 

resource intensive than full diallels, a relatively few 

number of parents require a larger number of crosses. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Disconnected Mating Designs  

 Parents are divided into small crossing groups, and 

within each group, parent trees are mated to one another.  

Parents are not mated outside of their crossing group.  

Many disconnected mating designs exist and all above 
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designs above have variants involving disconnected mating 

(White et al. 2007, Zobel and Talbert 1984).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Disconnected half diallel mating is often used in tree 

breeding and improvement programs (Figure 2.6).  Using far 

fewer crosses than required for half diallels, parental 

ranking and parameter estimates can be made.  Some 
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precision is lost, as the subsets are not genetically 

connected, but inefficiencies are offset by the increased 

number of parents accommodated (Burdon and Shelbourne 1972, 

Namkoong and Roberds 1974, White et al. 2007). Disconnected 

half diallel mating is very effective at establishing base 

populations given adequate numbers of parents (White et al. 

2007, Zobel and Talbert 1984). 

 

Complementary Mating Designs 

 Complementary mating designs involve combining two or 

more individual mating designs in the intermating of a 

single population of parents.  Design combinations are 

chosen for their ability to maximize effectiveness in 

addressing multiple test objectives (White et al. 2007, 

Zobel and Talbert 1984).  For example, the Missouri 

shortleaf pine tree improvement efforts have employed a 

disconnected half diallel with single-pair matings (Figure 

2.7) (Gwaze et al. 2005).  The single-pair mating 

maintained more genetically diversity than was possible by 

disconnect half diallel alone. The disconnected half 

diallel provided a genetic connectedness not achievable 

through single-pair mating allowing all genotype data be 

used in parental ranking and parameter estimates.  
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2.6 Data Analysis 

 

 Classic quantitative genetic analyses apply analysis 

of variance models to genetic data (Griffing 1956, Falconer 

and Mackay 1996, Hallauer et al. 2010).  ANOVA methods are 

most efficient when applied to randomly sampled, balanced 

data sets.  Often, more data is available than can be 

efficiently analyzed with classical methods.  For example, 

programs in advanced stages of breeding often have genetic 

information for relatives in multiple generations.  
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However, the genetic information of distant relatives 

cannot be incorporated into classic analysis. Complementary 

mating designs often yield data that are unbalanced in 

terms of parents or progeny.  Tree mortality, mating 

design, and parental incompatibility also lead to 

unbalanced data.  In all of the above scenarios, valuable 

data would be excluded from analysis to utilize classic 

methods (Falconer and Mackay 1996). 

 For unbalanced data and for populations supplying more 

information than can be handled by ANOVA, restricted 

maximum likelihood (REML) is the current favored analysis 

to accommodate such data (White et al. 2007).  REML is 

computationally intensive and requires the use of iterative 

computer algorithms to find the most likely combination of 

parameter estimates given the observed data.  REML 

procedures provide unbiased parameter estimates, do not 

require balanced data, can utilize all available 

information and adjust for any number/combination of fixed 

effects (Kleinbaum et al. 2008).  
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Chapter 3 

LITERATURE REVIEW 

 

 

 As discussed in the previous chapter, the genetic 

structure of a population is a function of generation, 

species, mating design, stand dynamics and condition and a 

host of other genetic and environmental factors (Cockerham 

1963).  Because findings are specific to study population, 

condition and analyses, it is not uncommon for different 

studies to yield different results as a consequence of the 

numerous factors affecting variance estimations  (Franklin 

1979, Cornelius 1994, King et al. 1998, Lopez-Upton et al. 

1999, Wu and Matheson 2004).  In fact, comparisons of the 

below referenced reports, revealed many inconsistencies in 

the literature.     

 Dissimilarities may reflect true differences between 

populations or could be the result of bias(es) (Wu and 

Matheson 2004).  For example, all genetic variance 

estimates are subject to bias emerging from error 

sampling/experiment errors, epistasis and linkage-

disequilibrium (Wu and Matheson 2004) and certain 

statistics are subject to bias particular to the estimate.  
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Throughout the remainder of this chapter, common influences 

and/or biases of individual statistics are discussed 

whenever relevant.  Even still, reasons for literature 

inconsistencies were not always apparent.  Broad, 

categorical interpretations should be made judiciously 

(Cockerham 1963).           

 The dearth of published genetic parameter information 

for shortleaf pine is an additional challenge for 

examination of the genetic parameters literature on the 

species. In the following discussion, findings specific to 

shortleaf pine are included whenever available.  However, 

there are relatively few reports on genetic parameters and 

allied statistics of shortleaf pine; subsequently, 

literature from other pine species is supplementarily 

utilized.  

 

3.1 Total Variances 

 

 Total variance estimates reflect the variation in 

phenotype across the individuals in a population.  These 

estimates are typically quite robust.  The total "apparent" 

phenotypic variance in a trait is generally expected to 

increase with time, largely due to scale effects (Foster 

1986, Falconer and Mackay 1996).  Phenotypic coefficients 
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of variation (CV) reduce scale effects, estimate "absolute 

variance" and allow variance comparisons across 

populations, traits and ages (Lande 1977, Foster 1986, 

Houle 1992).  From reports on loblolly pine (Foster 1986, 

Roberds et al. 2003) and radiata pine (King et al. 1998), 

CVP estimates appeared largest for volume relative to 

diameter and height - expectedly, due to dimensionality 

(Lande 1977, Houle 1992).   

 In reports at early ages, CVP trends seemed to 

generally decrease. Franklin (1979) hypothesized a model 

relating variance and allied statistics to stand dynamics.  

In the initial stages of stand development, some seedlings 

are able to effectively capture their microsites; some are 

not and will develop more slowly.  As the slow-to-establish 

seedlings grow and are able to exploit their environments, 

the performance gap is narrowed between the quickly and 

more slowly developing seedlings.  The result is decreased 

phenotypic variance across individual trees and an 

increasingly more uniformly growing stand.  Patterns 

similar to those described by Franklin were found in 

reports of early age trends for diameter in loblolly 

(Foster 1986) and radiata pine (King et al. 1998); height 

in loblolly (Foster 1986, Gwaze et al. 1997), radiata (King 
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et al. 1998) and longleaf pine (Snyder and Namkoong 1978); 

and loblolly pine volume (Foster 1986) (Table 3.1). 
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 From the literature, the long-term evaluations of 

absolute phenotypic variances revealed general decreases 

over time.   When trends of increasing CVPs were reported, 

the trends did not appear lasting.  For example, Foster 

(1986) and Gwaze et al. (1997) reported some short-term 

increases in phenotypic variance following thinnings, 

likely due to differences in individuals' response. 

However, despite the short-term increases, long-term 

decreases in absolute phenotypic variance were found in 

both studies.   

 

3.2 Residual Variances 

 

 The non-genetic component of total phenotypic variance 

is, compared to the genetic components, more accessible and 

more readily manipulatable.  Often, reduced residual 

variances are associated with increase expression and/or 

detection of genetic variances. Genotype x age interactions 

are very common and are often reflected in changes in 

genetic variances over time (White et al. 2007).  Any 

factor contributing to residual variances may have varying 

influence on expression across traits (White et al. 2007).  

For example, diameter is known to be more environmentally 

sensitive than height (Foster 1986, Balocchi et al. 1993); 
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a Nantucket pine tip moth (Rhyacionia frustrana Comstock) 

infestation is disproportionally affects height relative to 

diameter (White et al. 2007). 

 In reports on young shortleaf pine trees, authors 

found residual variances to be the most influential 

variance component (Tauer and McNew 1985, La Farge and 

Gates 1991, Gwaze et al. 2005) (Table 3.2)  Residual 

variances were observed as the primary source of phenotypic 

variation in loblloly pine (Foster and Bridgewater 1986) 

and radiata pine (Wu and Matheson 2004).  However, Roberds 

et al. (2003) reported non-genetic variances as secondary 

to additive variances and attributed the pattern to within-

site homogeneity resulting from previous agricultural 

cultivation on the study site.  Formerly cultivated fields 

often are quite environmentally homogeneous (Hodge and 

White 1992).  Even so, residual variance was a major 

contributor to total variation (46.6% for diameter, 40.8% 

for height, 42.8% for volume).  Additionally, Balocchi et 

al. (1993), Gwaze et al. (1997) and Gwaze et al. (2005) 

found residual variance to be a major source of overall 

variance not only at young ages but also in mature pine 

trees.   

 In studies of both young and mature shortleaf pine 

(Gwaze et al. 2005) and loblolly pine (Foster 1986, Foster 
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and Bridgewater 1986, Roberds et al. 2003), residual 

variances were very frequently reported smallest for 

height, relative to diameter and volume, likely reflecting 

the greater sensitivity to the environment of the later 

traits (Foster 1986, Balocchi et al. 1993).  However, 

residual variances were found least important for volume in 

a shortleaf pine study by Tauer and McNew (1985). The 

reason for this inconsistency is unclear, but may be 

attributable, at least in part, to a misapplication of 

chemical disproportionately affecting seedling height.   
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3.3 Genetic Variances 

 

 Genetic variances are not directly observable and are 

therefore not easily estimated.  Estimates of genetic 

variances are subject to bias sampling/experiment errors 

and invalid model assumptions concerning epistasis and 

linkage-disequilibrium (LD) (Wu and Matheson 2004). Both 

epistasis and LD estimation require precise, well-design, 

intricate experiments (Yanchuck 1996) and, consequently, 

are often assumed to be zero in analysis of forest tree 

species.  Baker (1978) discussed many scenarios in which 

assumptions of zero epistasis are not safe and also 

discussed conflicts in the literture regarding the 

potential bias of LD on estimates of genetic variances.  If 

the assumption of zero effect is false, both epistasis and 

LD may upwardly or downwardly bias genetic component 

estimates. Falconer and Mackay (1996) suggested that the 

actual effects are thought to be relatively small and any 

resulting bias inconsequential; however, weak genetic 

trends may be overshadowed by relatively minor bias 

(Yanchuck 1996, King et al. 1998).    

 Early dominance variance significance findings may be 

particularly influenced by extraneous nursery/greenhouse 

effects, seed size effects and/or maternal effects, which, 
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if present, would upwardly bias early dominance variance; 

these external effects decrease over time and are less 

important at later ages (King et al. 1998).    

  Another common problem in forest tree progeny analyses 

is the inadequate replication in the trial design, 

resulting in an inability to separate any genotype x 

environmental interaction from the main genetic effects or 

to detect genetic correlations.  Incomplete partitioning of 

G x E interactions results in upwardly biased genetic 

variance estimates - all genetic variance estimates from 

single-site experiments are inflated.  Undetected genetic 

correlations compromise estimation precision (Cockerham 

1963).   

 Sample and population size are important 

considerations in precision of estimates.  Becker (1975) 

noted large sample size and high degrees of freedom as two 

of the requirements for increasing the precision of 

population parameters (King et al. 1998). Hayman found that 

at least 10 parents are needed for reasonable population 

inferences (Wu and Matheson 2004).  In maize, Hallauer et 

al. (2010) indicated a sample size of 100 to 200 plants is 

necessary to adequately sample a population from non-inbred 

parents.  Additive variance in test populations may be 

affected by virtue of the methods used in the selection of 
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parent trees.  Progeny from mass selected trees possibly 

have lower additive variances relative to natural 

populations.  

 There are numerous biological and non-biological 

influences/biases acting on genetic variance expression and 

estimation. The factors discussed above are some of the 

common considerations for genetic interpretation.  More 

comprehensive considerations of the biological and non-

biological influences on variance estimates can be found in 

Matheson and Raymond (1984), Falconer and Mackay (1996), 

Yanchuck (1996), King et al. (1998), White et al. (2007) 

and Hallauer et al. (2010). 

  For diameter, height and volume, authors generally 

found low but increasing additive variances at young ages 

(Franklin 1979, Foster 1986, Balocchi 1993, Gwaze et al. 

1997, Gwaze et al. 2005) Reports on long-term trends reveal 

overall net-increases in all traits.  Findings at 

intermediate ages were much more varied.   

 Gwaze et al. (2005) found additive variance in 

diameter increased until age 10, when variances became 

relatively constant (Figure 3.1).  Foster (1986) in 

comparison observed an overall pattern that was rather flat 

with a substantial dip at around age 8. 
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 Overall additive variance patterns reported for height 

were very inconsistent (Figure 3.2). Gwaze et al. (2005) 

reported that after an intermediate-age peak additive 

variance remained fairly constant.  Gwaze et al. (1997) 

found additive variance peaked at age 9.5 and was followed 

by a sustained decline through later ages.  Balocchi et al. 

(1993) reported small variances with no appreciable 

increases until intermediate ages when dramatic and 

sustained increases began.  Both Franklin (1979) and Foster 

(1986) found age-trends in height that were, comparatively, 

much more erratic. 
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Figure 3.1. Trends in phenotypic (σ2P) and additive (σ2A) 
variances in diameter for shortleaf pine and loblolly 
pine.  When specifically reported by author, timing of 
thinnings (!) and the point at which competition begins 
dramatically affecting additive variance ( ) is noted.  
Source: Data for shortleaf pine adapted from Gwaze et 
al. (2005) and loblolly pine from Foster (1986).
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Figure 3.2. Trends in phenotypic (σ2P) and additive (σ2A) variances in 
height for shortleaf pine and loblolly pine.  When specifically reported 
by author, timing of thinnings (!) and the point at which competition 
begins dramatically affecting additive variance ( ) is noted.  Source: 
Data for shortleaf pine adapted from Gwaze et al. (2005) and loblolly 
pine (1) Franklin (1979);(2) from Foster (1986); (3) Balocchi et al. 
(1993); and (4) Gwaze et al. (1997).  
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 Reports on long-term additive variance trends in 

volume were more consistent than either those for diameter 

and height (Figure 3.3). Authors observed very little 

additive variances at early ages, which were followed by 

dramatic and sustained increases.  Although, the ages at 

which the increases began varied.  Gwaze et al. (2005) and 

Foster (1986) reported increases beginning before age 10, 

while Franklin (1979) observed substantial increases at 

much later ages. 
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 There is not a sole model explaining long-term 

variance trends across species, ages, traits and 

environments. It is clear from the literature that a major 

factor influencing patterns in additive variance is 

competition - most commonly emerging from the interplay 

between stand structure, ground vegetation condition, 
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Figure 3.3. Trends in phenotypic (σ2P) and additive (σ2A) variances 
in volume for shortleaf pine and loblolly pine.  When specifically 
reported by author, timing of thinnings (x) and the point at which 
competition begins dramatically affecting additive variance ( ) is 
noted.   Source: Data for shortleaf pine adapted from Gwaze et al. 
(2005) and loblolly pine (1) Franklin (1979) and (2) from Foster 
(1986). 
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silvicultural practice and/or environment (Franklin 1979, 

Matheson and Raymond 1984, Cotterill and Dean 1988, Lopez-

Upton et al. 1999).  Though often cited as an important 

influence, reported effects of competition on additive 

variance were quite diverse, even within the same trait, 

species or experiment.  Some authors detected a positive 

relationship in additive variance and competition (i.e. 

Gwaze et al. (2005) in shortleaf pine volume; Franklin 

(1979) in loblolly pine volume; Foster (1986) in loblolly 

pine height; Gwaze et al. (1997) in loblolly pine height). 

Other observed patterns were more curvilinear, with 

additive variance optimized at an intermediate level of   

competition (i.e. Gwaze et al. (2005) in shortleaf pine 

diameter and height; Franklin (1979) in loblolly pine 

height).  Still other reports suggested an inverse 

relationship between additive variance and competition 

(i.e. Foster (1986) in loblolly pine diameter and volume; 

Balocchi et al. (1993) in loblolly pine height).     

 Given the greater utility and ease of estimation, it 

is not surprising that additive variance is reported more 

frequently than dominance variance.  Previous findings in 

young pine indicate early, often dramatic, increases in 

dominance variance that quickly level and remain static 
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through more advanced ages (Balocchi et al. 1993, Li et al. 

1996, Yanchuck 1996).   

 

3.4 Significance Testing for Genetic  

Variance Components 

 

  In tree breeding, significance findings are often not as 

informative or interesting as estimates of variances and 

their relative magnitudes, but they do provide some 

indication of the genetic structure of the population and 

the precision in estimation (Yanchuck 1996).  The precision 

of significance tests is affected by any factor influencing 

genetic variance estimations.  If variance estimates are 

biased too much in either direction, significance tests may 

yield spurious results.   For example, single-site bias may 

lead to Type I error in significance finding for either 

genetic variance component.  

 Despite the fact that reports were confounded with 

factors such as species, study and trial design, and field 

conditions, there were some general patterns in findings 

for additive variance.  Namely, additive variance 

significantly contributed to total variance at age 6 and 

younger in diameter (Foster 1986, Foster and Bridgewater 

1986), height (Tauer and McNew 1985, Foster 1986, Foster 
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and Bridgwater 1986, Cotterill et al. 1987) and volume 

(Foster 1986, Foster and Bridgewater 1986) (Tables 3.3, 

3.4, 3.5).    
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 After age 6, reports were more varied across traits.  

Additive variance in height in young trees seemed to remain 

significant even after age 6 (Tauer and McNew 1985, Foster 

1986, Cotterill et al. 1987).  Reports for additive 

variance in diameter and volume after age 6 were 

inconsistent with some authors finding additive variance 

non-significant at these ages (Foster 1986, Cotterill et 
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al. 1986, Wu and Matheson 2004).  Although initially 

detected, Foster did not find significance in additive 

variance in loblolly pine diameter after age 6.  Foster 

indicated at around age 6 environmental effects associated 

with stand dynamics may begun limiting genetic expression, 

which could have contributed to his finding of non-

significance.  Some caution should be exercised when 

considering the findings of Cotterill et al. The precision 

of the variance estimates may have been affected by the 

small number of parents.      

 From the few reports on significance findings for 

dominance variance in young pine trees, a general pattern 

is not apparent (Table 3.6).  The inconsistencies in the 

above referenced literature may emerge from difficulties in 

estimating dominance variance itself.  In general, 

dominance variance is not estimated as well as additive 

variance.  Fundamentally, standard errors for estimates of 

dominance variance are larger than those of additive 

variance because fewer individual are involved in estimates 

on full-sibs relative to those made on half-sibs (Yanchuk 

1996).     
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3.5 Ratios of Dominance Variance to Additive Variance 

 

 In addition to the biases related to epistasis, LD, 

error and experimental design, the estimated ratios of 

dominance variance to additive variance are biased in the 

presence of nursery/greenhouse effects, seed size effects 

and/or maternal effects.  These extraneous effects inflate 

estimates of dominance variance and, subsequently, upwardly 

bias ratio estimates. 

 From the literature on trials in young trees, ratios 

for diameter ranged from 0.0 (Byram 1978) to 1.4 (Cotterill 

et al. 1987) (Table 3.7). There were a few findings 

indicating relatively equal contributions from additive and 

dominance variances to total genetic variances (R.D. Burdon 

pers. comm. quoted in Cotterill et al. 1987, Cotterill et 

al. 1987, Li et al. 1996) and only one report of a ratio 

substantially greater than 1 (Cotterill et al. 1987).  Most 

reports indicated additive variance as the primary 

contributor to total genetic variance in young trees. 
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 From the literature, ratios for height reported at 

early ages varied from 0.0 (Stonecypher et al. 1973, Byram 

1978 quoted in McKeand 1986) to 4.4 (Balocchi et al. 1993) 
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(Table 3.8).  A few of the reported ratios for young trees 

were equal to or less than 1 (Stonecypher et al. 1973, 

Byram 1978 quoted in McKeand 1986, Li et al. 1996, King et 

al. 1998).  Findings indicating additive variance as more 

important than dominance variance outnumbered findings of 

the opposite (Stonecypher et al. 1973, Byram 1978 quoted in 

McKeand 1986, Foster and Bridgwater 1986, Balocchi et al. 

1993, Li et al. 1996, King et al. 1998).  However, from the 

reports of dominance variance as primary contributor to 

genetic variance, in many of these findings, the influence 

of dominance variance was several times that of additive 

variance (Byram 1978 quoted in McKeand 1986, Foster and 

Bridgwater 1986, Balocchi et al. 1993). 
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 Previously reported ratios of dominance to additive 

variance for volume in young trees ranged from 0.2 

(Cotterill et al. 1987) to 7.8 (Foster and Bridgwater 1986) 

(Table 3.9).  Although the ratio detected by Foster and 

Bridgwater indicated a much greater relative importance of 

dominance variance, most of the reported ratios revealed 
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additive variance as the primary contributor to total 

genetic variance in volume of young pine trees. 

 

 

 

 

 As discussed above, long-term reports in the 

literature generally revealed additive variances as low at 

young ages but increasing over time (Franklin 1979, Bryam 

and Lowe 1986, Balocchi et al. 1993) and dominance 

variances often increased rapidly in the initial ages and 

then remain constant (Balocchi et al. 1993, Li et al. 1996, 

Yanchuk 1996).  The resulting trend is one of larger ratios 
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at early ages that progressively decrease as dominance 

variance becomes less important to the genetic control of 

phenotypic expression (Byram and Lowe 1986, King et al. 

1998). However, these trends should not be regarded as 

incontrovertible.  

 Observations of long-term trends in the relative 

importance of dominance to additive variance vary with the 

many biological and non-biological factors that can 

influence estimation and size of genetic variances.   

Busby (1982) and Bridgewater et al. (1983) reported ratios 

of 1.5 or larger at later ages (McKeand et al. 1986). Gwaze 

et al. (1997) found low ratios at all ages assessed, even 

at early ages, and also found and long-term increases in 

the ratio.  

 

3.6 Heritabilities 

 

 A function of both genetic variance and phenotypic 

variance estimates, heritability estimates are subject to 

the same factors influencing its defining variables.  

Heritability estimates from single-site trials are always 

overestimated due to the inflation of genetic variance 

estimates.  Any competitive effects acting on additive 

variances affect narrow-sense heritability estimates.  
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Progeny from mass selected trees possibly have lower 

additive variances relative to natural populations 

(truncation effects) leading to comparatively smaller 

narrow-sense heritability estimates (Cornelius 1994).        

Of course, in trials with high environmental homogeneity, 

the relatively lower environmental variance (and thusly 

total variance) is often associated with relatively higher 

heritability estimates due to the decrease in total 

variance (White et al. 2007).   

  Regardless of the factors affecting estimates, 

heritability estimates may be increased through management 

practice.  Lopez-Upton et al. (1999) showed that intensive 

management (i.e. fertilizer, pesticide application, etc.) 

increased within-site homogeneity, decreased total 

phenotypic variances and thereby increased heritability.  

Though they did show that additive variances were also 

decreased, the reductions in phenotypic variances were 

large enough to result in an overall increase in 

heritability.  It should be emphasized that increasing 

heritability through intensive culture does not remove 

limitations regarding single-site data.   

 Broad-sense heritability, with both dominance and 

additive variance in its numerator, is always larger than 

narrow sense heritability.  The larger the difference 
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between the two types of heritabilities the greater the 

influence of residual variance on total variance, relative 

to influence of additive variance.   Balocchi et al. (1993) 

suggested early selection should exploit some portion of 

dominance variance when broad-sense heritability is 

substantially larger than narrow-sense.   

 Height is widely considered less environmentally 

sensitive and thus more highly heritable than diameter and 

volume. (Cornelius 1994).  Although, narrow-sense 

heritability (hereafter simply heritability) for height is 

very commonly found larger than the latter traits, this is 

not always the pattern observed.  Tauer and McNew (1985) 

and Roberds et al. (2003) found heritability in volume 

larger than heritability in height in young shortleaf pine 

and young loblolly pine, respectively.  Their observations 

are likely due to previously described site conditions.  

The chemical mis-application at the Tauer and McNew study 

site potentially increased phenotypic variance in height, 

subsequently, reducing height heritability.  In the Roberds 

et al. study, the high within-site homogeneity possibly 

reduced environmental differentials and led to increased 

expression and detection of additive variance in diameter 

and volume. 
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 From previous findings in young pines, individual tree 

heritability estimates ranged from 0.0 (Foster 1986) to 

0.34 (Gwaze et al. 2005) for diameter; 0.037 (Balocchi et 

al. 1993) to 0.43 (Gwaze 2009) for height; and 0.16 (La 

Farge 1993) to 0.41 (Gwaze et al. 2005) (Table 3.10).  In 

an examination of 67 studies of pine and other forest 

species at various ages, Cornelius (1994) found a mean of 

0.23 for reported diameter heritability. This was mostly 

consistent with early-age findings in shortleaf pine by 

Byram et al. (2004) and Gwaze et al. (2005), especially at 

the very early ages, but disagreed with the loblolly pine 

observations of Foster (1986).  
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 For height heritability, Cornelius (1994) found a mean 

of 0.28, which agreed with the age-1.5 loblolly pine 

observation by Gwaze et al. (1997) and was in fair 

agreement with many of the young shortleaf pine findings of 

Byram et al. (2004).  The age-9.5 finding of Gwaze et al. 

and the finding of Gwaze (2009) in shortleaf pine were much 

higher than the mean height heritability reported by 

Cornelius; the respective shortleaf and loblolly pine 

reports by La Farge and Gates (1991) and Balocchi et al. 

(1993) were much lower. 

 Cornelius (1994) observed a mean of 0.21 for volume 

heritability.  This was consistent with the shortleaf pine 

findings of Gwaze et al. (2005) at age 5 and an age-5 and 

age-10 observation by Byram et al. (2004) but was either 

lower or higher than the rest of the reports in young pine 

(La Farge 1993, Byram et al. 2004).   

 Relatively limited inferences can be made from a 

single heritability estimate at a particular age. Likewise, 

age-trends observed in the short-term may simply reflect 

stochastic changes and have no bearing on the long-term 

trends (Balocchi et al. 1993).  Just as there is no 

singular model explaining variance trends, from the 

literature, reports for long-term heritability trends 
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varied across species, ages, traits and environmental 

conditions.   

 Despite the inconsistencies in the literature, some 

generalities can be made by trait.  The most commonly 

observed patterns in overall age-trends for diameter are 

those resulting in net decreases in heritability, 

conceivably as a result of the trait's sensitivity to 

environment (Figure 3.4).  Findings for height heritability 

suggest decreases at later ages (Figure 3.5).  The exact 

shape of the variance patterns preceding the final 

decreases varied, but all of the above referenced studies 

detected substantial increases in, and often maximum values 

for, heritability at intermediate ages.  In volume, long-

term time-trends fit into two broad categories: those 

falling from an initial peak and those increasing to a 

maximum before falling (Figure 3.6).    
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Figure 3.4. Trends in narrow-sense heritability (h2) for 
diameter in shortleaf pine and loblolly pine from 
selected reports.  When specifically reported by author, 
timing of thinnings (!) and the point at which competition 
begins dramatically affecting heritability ( ) is noted.  
Source: Data for shortleaf pine (1), (2) and (3) adapted 
from Byram et al. (2004); (4) Gwaze et al. (2005) and 
loblolly pine from Foster (1986).  
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Figure 3.5. Trends in narrow-sense heritability (h2) for height 
in shortleaf pine and loblolly pine from selected reports.  
When specifically reported by author, timing of thinnings (!) 
and the point at which competition begins dramatically 
affecting heritability ( ) is noted.  Source: Data for 
shortleaf pine adapted from Gwaze (2009) and loblolly pine (1) 
from Franklin (1979); (2) Foster (1986); (3) Balocchi et al. 
(1993) and (4) from Gwaze et al. (1997) . 
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Figure 3.6. Trends in narrow-sense heritability (h2) 
for volume in shortleaf pine and loblolly pine from 
selected reports.  When specifically reported by 
author, timing of thinnings (!) and the point at which 
competition begins dramatically affecting heritability
( ) is noted.  Source: Data for shortleaf pine adapted 
from Gwaze et al. (2005) and loblolly pine (1) and (2)
from Bridgwater and Stonecypher (1979), (3) Franklin 
(1979) and (4) Foster (1986). 
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Chapter 4 

MATERIALS AND METHODS 

 

 

4.1 Genetic Material 

 

 The data for this study were collected in a first-

generation, shortleaf pine progeny test planted in 2002 at 

the George O. White State Nursery in Licking, MO (Figure 

4.1).  The progeny test/seed orchard was established as 

part of the Mark Twain National Forest (MTNF) shortleaf 

pine tree improvement program. In the late-1970s and early-

1980's, control-pollinated families were developed using 

eight six-parent disconnected half diallels plus a single-

pair mating design, for a total of 359 intended crosses 

from 50 parents of Missouri provenance (Table 4.1).  The 

parents were clones of 50 phenotypically superior trees 

selected, by the comparison tree method of mass selection, 

from natural stands in Missouri.  However, of the 359 

intended, only 323 of the crosses were made.  Concurrent 

with the breeding of the Missouri provenanced material, 11 

crosses involving material from the Ozark or Shawnee 

National Forest (OZNF, SNF) were made and included in the 

MTNF tree improvement program.   
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 The Licking progeny trial was established using the 

material from the MTNF breeding program, including those 

crosses with Ozark or Shawnee parentage.  In addition to 

the MTNF controlled-crosses, the test also included 17 

families not found in any Mark Twain breeding program 

records whose parentage is either unknown or lost and 

material from open pollinated seed harvested in 1986.  Full 

details of the production of the open pollinated seed are 

described by Studyvin and Gwaze (2007). 

Figure 4.1.  Location of Licking Missouri and historic range of 
shortleaf pine in Missouri. 

Pine Continuous !
Pine Scattered !

Licking, MO!
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4.2 Field Site 

 

 The George O. White State Forest Nursery in Licking, 

Missouri is at approximately 37.55N latitude and -91.88W 

longitude with an elevation of 385 m. Average yearly 

rainfall is 114.3-116.8 cm. 

 Within the nursery, the progeny test is divided 

between two, non-contiguous locations, sites A and B 

(Figure 4.2).  Site A is approximately seven acres and is 

comprised of the Lily loam and Lecoma loam soil series and 

the Lily-Bender complex (Figure 4.3)(Table 4.2).  Site B is 

approximately two acres and is comprised of the Lecoma and 

Higdon soil series (Figure 4.4)(Table 4.3).  Just prior to 

test establishment, site A was an old field and site B was 

a wildlife food plot.  Soil description for the sites are 

given in Tables 4.2 and 4.3. 

 

 

 

 

 

 

 

 

Figure 3.2.  George O. White State Forest Nursery in Licking, MO.  
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4.3 Field Design 

 

 A randomized complete-block design with six blocks was 

used in the progeny trial at Licking, MO.  Blocks 1, 2, 4, 

and 5 were entirely contained within site A. All of block 6 

was contained in site B.  Block 3 is divided between both 

sites.  Trees were planted at a 3.048 x 3.048 m spacing 

using the California Design for Interlocking Replications.  

Each plot was comprised of one to seven trees, with the 

majority of plots having three individuals. 

 

4.4 Site Preparation 

 

 Prior to planting, vegetation was cleared with a 

bulldozer.  Velpar-L (hexazinone) was applied once in early 

spring of 2005, at age 3 and, again, in early spring of 

2006, at 4 years of age.  The herbicide was sprayed in a 3-

foot band down each row, leaving the grass and weeds 

between rows.  Additionally, the trial was mowed once or 

twice yearly.  
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4.5 Assessments 

 

 The trail was measured in late autumn of 2006 and 2008 

at ages 4 and 6.  The following three traits were 

considered: 

1. Diameter (DIA) - diameter outside the bark was measured 

with digital calipers at just above butt flare 

(approximately 12.6 cm above ground) to the nearest 0.1 cm. 

2.Height (HT) - measured with height rods to the nearest 

0.01 m. 

3. Volume index (VOL) - estimated using DIA2*HT to the 

nearest 0.001 dm3. 

 

4.6 Statistical Analysis 

 

 Not all of the material planted in the progeny test 

was considered in the analyses.  The material excluded 

consisted of (1) the open pollinated material, (2) crosses 

involving the Ozark/Shawnee National Forest material, (3) 

the crosses growing in the trial but with unknown parentage 

and (4) full-sib families whose family performance data was 

confounded due to irreconcilable data recording errors. The 

remaining 231 full-sib families were included in the 

analyses.    
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 A few individual observations were also excluded from 

analysis.  Eight implausibly large diameter observations 

were presumed to be data recording errors and excluded.  

Four measurements on height were missing, and they were 

excluded a well. As volume was a calculated value, there 

were 12 volume observations, corresponding to the eight 

excluded diameter and four missing height records, not 

included in the analyses. 

 Descriptive analyses for diameter, height and volume 

at ages 4 and 6 were performed in SAS (SAS Institute Inc 

2009).  Because parametric statistical procedures were 

utilized, measures of central tendency, dispersion, 

skewness and kurtosis were obtained to evaluate model 

assumption of normality. To permit a direct comparison of 

total phenotypic variability across variables and ages, a 

phenotypic coefficient of variation (CVP) was estimated for 

each trait at each age using, for a specific trait at a 

particular age.  For a given trait CVP was estimated using 

overall means and its standard deviation:  

 

  (4.1) 

 

Where: CVP=     the coefficient variation 

  =      the estimated standard deviation, and 

  

! 

CVP = ( ˆ " /x )100

! 

ˆ " 
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  =      the estimated mean.   

 

 Quantitative genetic analyses were performed in 

ASREML, a software package using restricted maximum 

likelihood (REML) methodology (Gilmour et al. 2007).  The 

following parental linear model was used:  

 

Yijkl = µ + $i + gj + gk + sjk + eijkl   (4.2) 

 

Where:  Yijkl=     an observation on a lth tree of the  

                   ijth full-sib family with ith female 

                   and jth male parent in the ith block,  

%&      the population mean,   

$i=      the block effect,  

gj=  the ith female general combining  

ability,  

gk=      the kth male general combining ability  

sjk=      specific combining ability of ith male  

with jth female, and  

eijkl=     the within plot error effects and  

assumed to be normally distributed with  

a mean of 0 and variance of 'e2.   

 

  

! 

x 
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Mean and block effects were considered fixed.  Reciprocal 

effects were considered to be negligible.   

 In order to generate performance rankings, parental 

effects were considered fixed.  Parents were ranked by 

general combining abilities (GCA). General combining 

abilities were estimated through the average performance of 

its progeny relative to population mean.  Full-sib family 

performance was predicted by the summation of the GCAs of 

the parents involved.  Crosses were ranked by observed mean 

performance and specific combining abilities (SCA) were 

considered the differences between predicted performances 

and observed performances. 

 Variance component estimates were made at the 

population level by assuming parents were a random sample 

from a larger population.  Because classic F-tests are 

inappropriate for REML analyses, other statistics were used 

in hypothesis testing.  To test if genetic variance 

components varied significantly from zero the ratio of the 

variance component and its standard error was first 

evaluated.  The variance component was considered 

significant if the variance component was more than two 

standard errors from zero and non-significant if less than 

one standard error from zero.  If the ratio was between 0 

and 1, a likelihood ratio test (LRT) was used to determine 
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significance. Maximum likelihood values were found for the 

linear model fitted with the variance component (LRF) and 

for the model fitted without (LRR).  The ratio of the 

maximum likelihood values was the test statistic 2(logLRF-

logLRR) approximately following   

! 

"2 distribution with q 

degrees of freedom.  Additional details for the use of 

standard errors and LRT for significance determination are 

found in Wu and Matheson (2004) and Klienbaum et al. 

(2008). 

 Although likelihood ratio methods could have been used 

to test for significance in block effects, these methods 

are not easily applied to fixed effects in a mixed REML 

model. To address this challenge, a Wald-type test 

statistic was constructed to determine if mean phenotypic 

expression was significantly different between blocks.  In 

this method, the Wald statistic is divided by the numerator 

degrees of freedom to obtain a F-statistic, which, for 

balanced designs, follows a standard F-distribution 

(Gilmour, et al. 2007). 

 Estimates of genetic variances were obtained through 

univariate analyses and were corrected for block effects.     

GCA variance ( ) was interpreted as 1/4 additive genetic 

variation ( ).  Symbolically:  

 

  

! 

"2GCA

  

! 

"2A
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  (4.3) 

 

Where:    

! 

ˆ " GCA
2 =    the GCA variance with female and male  

parents considered together, and  

   

! 

ˆ " A
2 =    the additive genetic variance. 

 

SCA variance ( ) was considered 1/4 dominance genetic 

variation ( ): 

 

  

! 

ˆ " SCA
2 =

1
4

ˆ " D
2  (4.4) 

 

Where:    

! 

ˆ " SCA
2 =    the SCA variance, and 

     

! 

ˆ " D
2 =  the dominance genetic variance 

 

with epistatic effects ignored. 

 Data were also analyzed assuming parental effects were 

fixed effects (Griffing Model I).  Individual parental GCA 

effects were derived and used to evaluate their relative 

genetic worth for volume at age 6.  Parental GCAs were 

summed to predict full-sib progeny performance.  The 

difference between the predicted performance and the 

  

! 

ˆ " GCA
2 =

1
4

ˆ " A
2

  

! 

"SCA

  

! 

"2D
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observed performance was used to estimate SCA effects for 

individual crosses. 

 The relative contributions of additive variances and 

dominance variances to total genetic variances were 

estimated by the ratio of dominance to additive variance.  

Symbolically: 

 

  

! 

ˆ " D
2

ˆ " A
2   (4.5) 

 

Where:   

! 

ˆ " D
2 =  the dominance variance, and 

     

! 

ˆ " A
2 =    the additive variance. 

  

 The estimates of additive variances obtained through 

REML analysis were used to estimate additive coefficients 

of variation (CVA) for each trait at each age: 

 

  

! 

CVA = ( ˆ " A
2 x )100! ! (4.6) 

 

Where: CVA=  the additive coefficient of variation 

        the additive variance, and 

        the dominance variance. 

   

 Individual tree heritabilities, and their standard 

errors, were predicted in univariate analyses according to 

  

! 

ˆ " A
2 =

  

! 

ˆ " D
2 =
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Wu and Matheson (2004).  Broad-sense heritability (H2) was 

estimated as: 

 

  

! 

ˆ H 2 =
ˆ " G
2

ˆ " P
2   (4.7) 

 

Where:   

! 

H2 =  the broad-sense heritability, 

    

! 

ˆ " G
2 =   the total genetic variance, and 

  

! 

ˆ " P
2 =! ! the total phenotypic variance, 

 

such that: 

 

  

! 

ˆ " G
2 = ˆ " A

2 + ˆ " D
2   (4.8) 

 

and: 

 

  

! 

ˆ " P
2 =2ˆ " GCA

2 + ˆ " SCA
2 + ˆ " R

2  (4.9). 

 

Narrow-sense heritability (h2) was estimated as: 

 

  

! 

ˆ h 2 =
ˆ " A
2

ˆ " P
2   (4.10) 

 

Where:   

! 

ˆ h 2 =!!!!!!! the narrow-sense heritability, 
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! 

ˆ " A
2 = ! ! the additive genetic variance, and 

  

! 

ˆ " P
2 =! ! the total phenotypic variance 

 

such that: 

 

  

! 

ˆ " P
2 =2ˆ " GCA

2 + ˆ " SCA
2 + ˆ " R

2   (4.11). 

 

 

 

!
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Chapter 5 

RESULTS AND DISCUSSION 

 
 
5.1 Descriptive Statistics 

 

 The descriptive statistics, derived in SAS, are 

presented in Tables 5.1 and 5.2.  Survival at age 4 was 

76.6% and 76.5% at age 6. Individual observations on dead 

trees were not included in calculations.  Exclusive of dead 

individuals, there were over 2800 observations for each 

variable at each age.  With 50 parents, 231 crosses, and 

over 2800 individuals in the study, the conditions for 

population estimates were sufficiently met. 

 Overall trait means were relatively similar to 

estimates on Missouri shortleaf pine at comparable ages 

reported by Gwaze et al. (2005).  Diameter at age 4 (DIA4) 

had an overall mean of 4.9 cm, with individual observations 

ranging from 0.3 to 8.6 cm.  Height at age 4 (HT4) and 

volume at age 4 (VOL4) had overall means of 1.78 m and 

0.502 dm3, with individual observations ranging from 0.06 to 

3.08m and 1.570x10-4 to 2.023 dm3, respectively.  For all 

variables, overall means were close to medians at age 4. 

Respective kurtosis values for DIA4, HT4 and VOL4 were 
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0.387, 0.630 and 0.281.  Skewness for DIA4 was -0.578; HT4 

was -0.503; and, VOL4 was 0.642.    

 

 

 

  At age 6, respective overall means for diameter 

(DIA6), height (HT6) and volume (VOL6) were 8.2 cm, 2.93 m, 

and 2.157 dm3; overall means and medians were close in 

value.  Individual observations ranged from 0.05 to 14.5 cm 
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for DIA6, 0.15 to 4.79 m for HT6 and 0.0004 to 6.966 dm3 for 

VOL6. Values for skewness (DIA6: -0.656, HT6: -0.557, VOL6: 

0.610) and kurtosis (DIA6: 1.778, HT6: 0.870, VOL6: 0.740) 

were close to zero. Given the (1) large sample size, (2) 

relative closeness of the mean and median values, and (3) 

proximity of skewness and kurtosis values to zero, it is 

reasonable to assume a normal distribution for all 

variables at age 4 and at age 6.    

 Table 5.2 shows the ranges of values in standard 

deviations across parents and full-sib families for all 

traits and both ages.  For each trait at each age, the 

differences among standard deviations across parents and 

families were relatively small.  Given standard deviations 

are relatively similar across parents and families, it is 

reasonable to assume the conditions of homoscedasticity 

were met. 
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5.2 Total Variances 

 

 In both years, the phenotypic coefficients of 

variation (CVP) for volume were greater than those of 

diameter and height, suggesting volume had the largest 

total phenotypic variation (Table 5.1).  Similar 

observations were reported in loblolly pine (Foster 1986, 

Roberds et al. 2003) and radiata pine (King et al. 1998).  

CVPs for volume are generally larger than traits measured in 

linear dimensions (Lande 1977).  However, given that 

populations with large phenotypic variation are preferable 

in breeding, the finding here of greater phenotypic 

variation for volume cannot be overlooked (Zobel and 

Talbert 1984, Allard 1999, Hallauer et al. 2010). 

 For all traits, CVPs decreased from age 4 to 6, 

indicating an increased overall uniformity among 

individuals.  The observed trends agreed with those 

observed by Franklin (1979), possibly reflecting advancing 

stand development.  The trends reported in this study were 

also consistent with early-age findings for pine diameter 

(Foster 1986, King et al. 1998), height (Foster 1986, Gwaze 

et al. 1997, King et al. 1998, Snyder and Namkoong 1978) 

and volume (Foster 1986) (Table 3.1).  
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5.3 Variance Components and Derivative Statistics 

 

5.3.1 Block 

 

 Although this study was established on old 

agricultural fields, the Wald test statistic found 

phenotypic expression to be significantly different between 

blocks in both years.  Contributions to block effects could 

not be specifically identified, but block effects likely 

reflected within site heterogeneity related to global 

variation (e.g. gradients in topography, soil conditions, 

etc.) and/or local variation (e.g. differences in edge 

effects, landform, etc.).  Additionally, the comparatively 

poorer performance of trees growing on site B (all of block 

3 and a portion of block 6, Chapter 3) is thought to be the 

result of compacted soil conditions and, possibly, 

intermittent inundation by the nearby ephemeral creek.  The 

portion of total phenotypic variation resulting from block 

effects was included in the estimate of residual variance 

and did not affect other variance component estimates.   
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5.3.2 Residual Variances  

 

 Residual variances were the primary sources of total 

variation for all traits and both ages.  The portion of 

total variance attributable to residual variance was 95.4% 

for DIA4, 94.2% for HT4 and 95.0% for VOL4, and, at age 6, 

was, respectively, 96.5%, 92.8% and 95.3%. These findings 

indicated that phenotypic expression was largely due to 

non-genetic factors.   

 Although the contributions of residual variances to 

phenotypic variances were slightly larger than those 

previously reported, these findings generally agreed with 

reports on diameter, height and volume in shortleaf pine 

(Tauer and McNew 1985, La Farge and Gates 1991, Gwaze et 

al. 2005) loblolly pine (Foster and Bridgewater 1986) and 

radiata pine (Wu and Matheson 2004) (Table 3.2).  The 

observations in this study were somewhat in disagreement 

with the findings of Roberds et al. (2003) who found 

residual variances to be a major contributor to total 

variance, although a secondary contributor.   

 In both years, the contribution of residual variance 

to overall phenotypic variance was smallest for height.  

This findings indicated that, comparatively, height was 

least affected by non-genetic effects, and likely reflected 
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the greater environmental sensitivity of diameter and 

volume (Foster 1986, Balocchi et al. 1993).  These findings 

agreed with reports for shortleaf pine (Gwaze et al. 2005) 

and loblolly pine (Foster 1986, Foster and Bridgewater 

1986, Roberds et al. 2003), but were inconsistent with the 

findings of Tauer and McNew (1985).  They found 

environmental variance least important for volume, possibly 

due a pesticide misapplication that disproportionately 

affected seedling height.   

 

5.3.3 Genetic Variances 

 

 Estimates of total variance, variance components and 

ratio of dominance variance to additive variance are shown 

in Table 5.3.   The genetic variance components were found 

to significantly influence all traits, except at age 6 when 

dominance variance was not significant for any trait. The 

age-6 dominance finding indicated that the specific 

combining abilities (SCA) of the full-sib families did not 

vary significantly from zero and suggested future additive 

breeding models will likely be effective.    
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 These observations were certainly subject to single-

site bias resulting in the inflation of variance estimates.  

Depending on the magnitude of the bias, significance 

testing of additive variance (at both ages) and dominance 

variance (at age 4) could have resulted in a Type I error. 

Additionally, as randomization was not employed during 

seedling production (Mark Coggeshall pers. comm.), 

dominance variance estimates may be upwardly biased due to 

possible nursery/greenhouse effects.  Any inflation(s) of 

the age-6 dominance variance estimate was not large enough 

to result in a false acceptance of the null hypothesis.   
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 The present findings of significant additive variance 

in diameter agreed quite well with previous reports on 

young shortleaf pine by Tauer and McNew (1985), loblolly 

pine by Foster and Bridgwater (1986), and by Wu and 

Matheson (2004) in eight of their ten radiata pine sites 

(Table 3.3).  This report also agreed with the diameter 

significant findings of Cotterill et al. (1987) for slash 

and longleaf pine when additive variance was estimated on 

either parent and for radiata pine when estimated on the 

male parent but was inconsistent when estimated on the 

female parent.  Additionally, these diameter findings were 

consistent with the young loblolly pine observations of 

Foster (1986) through age 6 but where inconsistent with his 

findings after age 6.  However, these findings were 

inconsistent with some diameter findings in young trees 

after age 6.   

 This study's report of significant additive variance 

in height was very consistent with earlier pine reports at 

young ages in shortleaf (Tauer and McNew 1985) and other 

pines (Foster 1986, Foster and Bridgwater 1986, Cotterill 

et al. 1987) (Table 3.4). 

 The present findings if significant additive variance 

in volume were consistent with early-age reports on 

shortleaf pine by Tauer and McNew (1985), loblolly pine by 
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Foster and Bridgwater (1986) and slash and longleaf pine by 

Cotterill et al. (1987) when additive variance was 

estimated on either parent (Table 3.5).  However, these 

findings for early volume were inconsistent with the 

findings of Cotterill et al. for radiata pine when estimate 

on the female parent and those of Foster (1986) for 

loblolly pine after age 6.   

 The present findings of significant dominance variance 

in diameter at age 4 were consistent with findings for 

young trees by Foster and Bridgwater (1986) in loblolly 

pine, Cotterill et al. (1987) in longleaf pine and 6 of the 

10 radiate pine plantations reported on by Wu and Matheson 

(2004) but were inconsistent with those of Cotterill et al. 

for radiata and slash pine (Table 3.6).  This study's age-4 

detection of significant dominance variance in height and 

volume agreed with Foster and Bridgwater's reports in 

loblolly pine, but disagreed with the radiata, slash and 

longleaf pine findings of Cotterill et al. (Table 3.6).  

The present findings of non-significant dominance variances 

at age 6 agreed with those reports inconsistent with the 

age-4 findings.  Likewise, the age-6 findings disagreed 

with the previous findings consistent with this study's 

age-4 reports.  
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  Additive and dominance variance estimates for all 

traits increased from age 4 to age 6, in part due to scale 

effects (5.3).  The additive variance age-trend observed 

here were mostly in agreement with earlier findings in 

young trees for shortleaf pine diameter, height, and volume 

(Gwaze et al. 2005), loblolly pine diameter (Li et al. 

1996) and loblolly pine height (Foster 1986, Balocchi et 

al. 1993, Li et al. 1996).  However, Foster observed flat 

or decreasing additive variance trends in diameter and 

volume, which he described as resulting from increased 

inter-tree competition in concert with the relative 

environmental sensitivity of the traits.  

 With regard to dominance variance, the observed trend 

in height was consistent with findings reported by Balocchi 

et al. (1993) for loblolly pine at young ages.  Early 

increases in lobloly pine dominance variance were also 

reported for diameter and height by Li et al. (1996), who 

after age 5 found static levels of dominance variance in 

both traits.  

    

5.3.4 Ratios of Dominance Variance to Additive Variance   

 

 For all traits, the ratio of dominance to additive 

variance decreased from age 4 to age 6 (Table 5.3).  
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Although dominance variances did increase, the proportional 

increases were not as great as those of additive variances.  

The decreases in the ratio of dominance to additive 

variance indicated reductions in the contributions of 

dominance to the genetic control of trait expression.  This 

trend was consistent with the generally expected pattern of 

a progressively declining importance of dominance variance 

relative to additive variance (Byram and Lowe 1986, King et 

al. 1988).    

 At age 6, additive variance was, for all three traits, 

the most important source of genetic variation, further 

supporting breeding strategies exploiting additive variance 

for genetic gain are likely to be successful.  It is 

important to note that if dominance variance was inflated 

due to nursery/greenhouse effects, the observed ratios may 

be biased upwardly.  Moreover, if these effects were 

present, the observed age-trends might not reflect genetic 

effects but possibly were results of the waning influence 

of the extraneous effects  (Falconer and Mackay 1996, King 

et al. 1998). 

 In both years, diameter had the highest ratio compared 

to height and volume, reflecting the comparatively greater 

influence of dominance variance on the genetic control of 

diameter (Table 5.3).  Based on earlier observations on 
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ratios for diameter in young trees, the age-4 ratio 

observed here fell on the upper limits of expected values 

and the age-6 ratio fell well within the range previously 

reported  (Table 3.7).  At age 4, diameter had a ratio of 

1.5, indicating that the influence of dominance variance on 

total genetic variance was one and a half times greater 

than that of additive variance (Table 5.3).  This finding 

was similar to the findings of Cotterill et al. (1987) for 

longleaf pine and one observation in radiata pine (R.D. 

Burdon pers. comm. quoted in Cotterill et al. 1987) (Table 

3.7).  The age-4 ratio for diameter was inconsistent with 

the reports by Byram (1978) (McKeand et al. 1986) in 

loblolly pine, Cotterill et al. in radiata and slash pine, 

and King et al. (1998) in radiata pine, who all reported 

ratios for early-age pine diameter much smaller than 

reported here. 

 By age 6, the ratio for diameter had decreased to 0.8, 

indicating that, while additive variance was most 

important, the genetic influence of dominance variance was 

nearly as great as that of additive variance (Table 5.3).  

This detection of additive variance as the primary 

contributor to genetic variance in diameter agreed with 

many findings previously reported for young pine (Li et al. 

1996, R.D. Burdon pers. comm. quoted in Cotterill et al. 
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1987, Cotterill et al. 1987, King et al. 1998) (Table 3.7).  

However, within some of these reports, there are findings 

dissimilar to the age-6 ratio by virtue of being much 

smaller (R.D. Burdon pers. comm. quoted in Cotterill et al. 

1987, Cotterill et al. 1987) or much larger (R.D. Burdon 

pers. comm. quoted in Cotterill et al. 1987, Cotterill et 

al. 1987).   

 At first, the detection of a high age-6 ratio for 

diameter may seem incongruous with the lack of significance 

in dominance variance.  However, the two findings are not 

equivalently informative.  In this instance, hypothesis 

testing determined if genetic components significantly 

contributed to the overall phenotypic variance.  The ratio 

of dominance to additive variance reflects the relative 

magnitude of each component's contribution to total 

genotypic variance.  Here, the findings suggest that the 

genetic contribution of dominance variance was not large 

enough to influence phenotypic expression and additionally 

suggest a minimal influence of additive variance on 

phenotype.  

  Of the three evaluated, height was the only trait for 

which, additive variance was the more important genetic 

component in both years (Table 5.3).  Both the age-4 and 

age-6 ratio fell within the range of ratios previously 
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reported for height in young pine trees (Table 3.8).  For 

height at age 4, the dominance variance to additive 

variance ratio was 0.8, indicating a substantial influence 

of dominance variance on total genetic influence though 

additive variance was the primary contributor (Table 5.3).  

This finding agreed with young pine ratios reported by 

Stonecyper et al. (1973), Li et al. (1996) and King et al. 

(1998) (Table 3.8).  In the same studies, King et al. and  

Stonecyper et al., as well as Byram (1978) (McKeand et al. 

1986), observed ratios, though revealing additive variance 

as the principal genetic component, that were much smaller 

ratios than the present finding.  King et al. and Byram 

also reported other ratios, larger than the observed age-4 

ratio for height.  A similar inconsistency was found 

between the present finding and other young pine reports by 

Foster and Bridgwater (1986) Balocchi et al. (1993). 

 The age-6 ratio was 0.5, indicating that, relative to 

dominance variance, additive variance made twice the 

contribution to genetic variance in height (Table 5.3).  

This finding was consistent with findings at early ages of 

Stonecypher et al. (1973) and Li et al. (1996) in loblolly 

pine (Table 3.8).  The age-6 ratio disagreed somewhat with 

previously reported ratios, though indicating the primacy 

of additive variances, much smaller than presently observed 
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(Stonecypher et al. 1973, Byram 1978 quoted in Mckeand et 

al. 1986, King et al. 1998).  Additionally, this finding 

was inconsistent with observations made by Byram, Foster 

and Bridgwater (1986), Balocchi et al. (1993) and King et 

al., who all reported dominance variance being more 

important than additive variance in height at young ages. 

 For volume, the age-4 and age-6 ratios of dominance 

variance to additive variance were, respectively, 1.2 and 

0.4 (Table 5.3) and were well within the range of ratios 

previously reported in young pines (Table 3.9).  The age-6 

ratio for volume was the smallest reported ratio, 

indicating that, across traits and ages, the relative 

magnitude of additive variance was largest in volume at age 

6 (Table 5.3).  The ratio at age 4 indicated that the 

genetic components had approximately equivalent 

contributions to total genetic variance, with dominance 

variance having slightly more influence.  For the most 

part, this ratio was larger than earlier findings in 

loblolly pine (Matziris 1974) and radiata, slash and 

longleaf pine (Cotterill et al. 1987).  Although indicating 

a greater relative importance of dominance variance, the 

loblolly pine ratio of 7.8 reported by Foster and 

Bridgwater (1986) was much too large to be considered 

consistent with this report.  The age-6 ratio in volume was 
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also inconsistent with the Foster and Bridgewater ratio, 

but agreed quite well with the findings of Matziris and 

Cotterill et al.  

 

5.3.5 Heritability and Additive Coefficients of Variation 

 

 Table 5.4 shows estimates for individual tree 

heritabilities and coefficients of additive variation (CVA).  

The additive coefficients of variation for diameter 

decreased from age 4 to 6, while those of height and volume 

increased. The CVAs for diameter and height were lower than 

was expected based on previous reports for Missouri 

shortleaf pine and other forest species; those for volume 

were much higher than anticipated (Cornelius 1994, Gwaze et 

al. 2005).  In both years, CVAs were highest for volume, 

indicating that, comparatively, volume had the largest 

additive variances.    
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 As expected, broad-sense heritabilities (H2) were 

larger than narrow-sense heritabilities (h2).  Both types of 

heritability are likely significant at age 4 and age 6 as 

estimates are more than two times the standard errors.  

Despite single site bias, estimates of broad-sense 

heritability estimates were low to moderate.  Corresponding 

to the observation regarding environmental variances, 

broad-sense heritability is less than .5 in both years for 

all traits, further indicating that non-genetic factors are 

the predominant contributors to total phenotypic variance.  

From age 4 to 6, diameter and height broad-sense 

heritability increased, while that of volume decreased.   

 Consistent with the present findings on the relative 

effects of environment on trait expression, narrow-sense 

heritability (hereafter simply heritability) was largest 

for height at both ages.  Heritabilities did not follow 

CVAs.  For example, height was most highly heritable, but 

CVAs were largest for volume.  Although heritability was 

highest in height, given the substantial CVAs and CVPs in 

volume, selection on volume could result in larger genetic 

gains, depending on the breeding strategy (Falconer and 

Mackay 1996, Allard 1999, Hallauer et al. 2010).   
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 The present findings of height more highly heritable 

than diameter or volume agreed well with the findings of 

Gwaze et al. (2005) in shortleaf pine and Cornelius (1994) 

in pines and other species but were inconsistent with the 

findings of Tauer and McNew (1985) and Roberds et al. 

(2003) in shortleaf pine and loblolly, respectively.    

  The diameter and height heritabilities found in this 

study were within the range of heritabilities previously 

reported in young shortleaf (La Farge and Gates 1991, La 

Farge 1993, Byram et al. 2004, Gwaze et al. 2005, Gwaze 

2009) and loblolly pine (Balocchi et al. 1993, Gwaze et al. 

1997) (3.10).  The age-4 height heritability was in strong 

agreement with the early-age finding of La Farge and Gates 

(1991) in shortleaf pine. This finding was fairly 

consistent the those of Balocchi et al. (1993), but was 

inconsistent with the shortleaf pine reports by Byram et 

al. (2004) and Gwaze (2009) and the loblolly pine report by 

Gwaze et al. (1997), who all found larger height 

heritabilities than were found here.  The present finding 

of heritability for height at age 6 was consistent with 

many of the early-age findings of Byram et al., but were 

lower than a few of the heritabilities from the same study.  

This finding was also consistent with the age-9 and age-10 

loblolly height heritabilities reported by Balocchi et al. 
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However, the heritabilities reported at age 8 and younger 

by Balocchi et al. and in shortleaf pine reported by La 

Farge and Gates were lower than those observed here.  The 

present findings disagreed with those of Byram et al. and 

Gwaze in shortleaf pine and Gwaze et al. in loblolly pine, 

who all reported height heritabilities larger than the 

present age-6 finding.The present findings for volume were 

much lower than previously reported in shortleaf pine (La 

Farge 1993, Byram et al. 2004, Gwaze et al. 2005). The 

observed age-4 and age-6 diameter heritabilities agreed 

with young loblolly pine findings of Foster, but were much 

smaller than those found in shortleaf pine by Byram et al. 

and Gwaze et al. (2005). 

 For all traits, the heritabilities found were lower 

than expected (Cornelius 1994, Gwaze et al. 2005, Gwaze 

2009). The estimates for narrow-sense heritability indicate 

that, though more important than dominance variance, 

additive variance was only modestly influential to total 

phenotypic variance at age 6. There are a number of 

possible reasons for the unexpectedly low heritabilities.   

 Of course, the within-site heterogeneity, envidenced 

by the differences among blocks, likely reduced estimates 

for heritability due to the increased total variance 

(Franklin 1979).  It is also possible that the test 
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plantation, and, accordingly, its genetic architecture, had 

not matured passed the early stages of stand development 

(Franklin 1979).  Conversely, additive variance estimates 

may have been reduced due to competitive effects or any of 

the above mentioned extranous effects or biases acting on 

the variance component (Franklin 1979, Foster and 

Bridgewater 1986, King et al. 1998, Wu and Matheson 2004).  

 Because the parent trees were selected by method of 

mass selection, additive variance in this test population 

may have been reduced due to truncation effects.  

Truncation effects are mitigated by environmental 

homogeneity, but given the differences between blocks, if 

present in this study, any effects due to truncation would 

be at best only minimally attenuated (Cornelius 1994). 

 From ages 4 to 6, the increases in the additive 

variances in height and volume surpassed the increases in 

phenotypic variances, resulting in increased heritability 

estimates.  Variance trends for diameter did not follow 

this pattern, and diameter heritability decreased.  There 

is some evidence to suggest that as a stand matures 

diameter trends lag behind those of height (King et al. 

1998). Considering the observed trends for height and 

diameter heritability, perhaps, the trend seen here is 

reflective of the pattern described by Franklin (1979) and 
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the stand has progressed into a more mature phase of 

development.  However caution should be exercised when 

extrapolating from this study's narrow observation period 

as the observed trends may simply represent stochasticity 

at a relatively fine temporal scale (Balocchi et al 1993).  

 

5.4 Performance Rankings 

 

 Estimated parental general combining abilities (GCA) 

for volume at age 6 are presented in Table 5.5. Parent 36 

had the highest-ranking GCA of 1.413 dm3.  Parent 50 the 

lowest GCA of -1.408 dm3.  Precision in the estimation of 

parental GCA can suffer as a result of high within-site 

heterogeneity (White and Hodge 1986).  GCA estimates in 

this study were corrected for block, allaying concerns 

regarding estimate precision.  
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 Because dominance variance was found to be non-

significant, progeny performance was expected to follow an 

entirely additive genetic model.  That is, full-sib 

families performance was expected to follow the genetic 

value of the parents involved.  Full-sib families with 

above average performance, under an additive model, 
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originate from crosses involving good general combiners, or 

those parents with high GCA for volume. 

 The findings of this study conformed approximately to 

an additive genetic model (Table 5.6).  Progeny from good 

general combiners were most often represented in the top 

50% of full-sib family ranking, and those from parents with 

low GCAs were in the bottom 50%.  A more critical 

comparison of the predicted and observed full-sib progeny 

performance revealed the genetic model was not completely 

additive.  Only three of the families predicted to be among 

the top 10 performers were actually observed as topmost 

performers. Nonetheless, the general agreement between 

predicted and observed performance indicated opportunity in 

future tree improvement activities to capture and utilize 

dominance variance for genetic gain.  GCA and SCA effects 

were likely either uncorrelated or had a slightly positive 

correlation, in which case, selection on additive variance 

may successfully capture some dominance variance (Balocchi, 

et al. 1993, Yanchuck 1996, Wu and Matheson 2004). 
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Chapter 6 

CONCLUDING DISCUSSION 

 
 
 By definition, the primary objective in progeny 

testing is the assessment of the genetic worth of parent 

trees for a given trait or traits.  Secondary objectives 

often include the estimation of genetic parameters and/or 

the establishment of test progeny as the next generation of 

parent trees.  Availability of genetic information is a 

critical determinant in the success or failure of tree 

breeding and deployment.  The work reported here represents 

analyses on progeny data resulting in estimates of parental 

rank and genetic parameters from the selected population of 

Missouri's shortleaf pine tree improvement program.   

 The strength of this study is assessments were made 

using full-sib data from a large number of crosses.  To the 

author's knowledge it is the first shortleaf pine study 

utilizing complete pedigree data and represents one of the 

largest data sets involving pedigreed shortleaf pine.  

Caution must be exercised when interpreting findings as 

assessments were only made only at young ages, are 

certainly biased by the lack of a replication at other 

sites and may be biased by lingering greenhouse/nursery 



! "#$!

effects.  Despite these caveats, the work here is an 

important and needed addition to information on heritance 

patterns and genetic architecture of shortleaf pine. 

 

6.1 Total Variances 

 

 Phenotypic coefficients of variation (CVP) were used to 

make direct comparisons of absolute phenotypic variation.  

In both years, CVp for volume was highest in part due to 

non-biological reasons of dimensionality.  CVps for all 

traits decreased, as expected, and likely reflected 

advancing stand development. 

 Both trends will likely continue.  Dimensionality is 

an issue at any age (Lande 1977, Houle 1992). From the 

literature, any trends of increasing CVPs do not appear 

lasting (Foster 1986, Gwaze et al. 1997).   

 

6.2 Variance Components and Derivative Statistics 

 

6.2.1 Residual Variances  

 

 Across ages and traits, residual variances were 

overwhelming contributors to total phenotypic variances, 

indicating that trait expression was under weak genetic 



! "#$!

control.  The comparatively large environmental 

contribution was likely due, at least in part, to the 

observed differences among blocks.  Genetic variance 

estimates were not expected to be affected as they were 

corrected for block.  An increased environmental 

homogeneity could increase the expression/detection of 

genetic variance (Hodge and White, 1992, White et al. 

2007).   

 In previous reports residual variance was found as a 

major source of overall variance not only at young ages but 

also in mature pine (Balocchi et al. 1993, Gwaze et al. 

1997, Gwaze et al 2005).  Based on earlier findings in the 

literature, it is reasonable to expect that residual 

variances will continue as the predominant influence on 

phenotypic variance. 

 Among the traits, environmental influence on 

phenotypic expression was least for height, a probable 

result of the greater environmental sensitivity of diameter 

and volume. From the literature, there is every indication 

that height will continue to be the trait most controlled 

by genetic effects, barring extraneous effects (Foster 

1986, Foster and Bridgewater 1986, Roberds et al. 2003, 

Gwaze et al. 2005)  
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6.2.2 Genetic Variances 

 

 Additive variance and dominance variance in all traits 

increased from age 4 to 6, in part due to scale effects. 

Although the literature did not reveal a pattern for 

intermediate age, it appears that the general long-term 

pattern for additive variance is one resulting in net-

increases.  It is very likely that the age-trend observed 

for additive variance will continue, albeit with the 

possibility of short-term decreases (Franklin 1979, Foster 

1986, Balocchi 1993, Gwaze et al. 1997, Gwaze et al. 2005).   

 Additive variance was found to significantly vary from 

zero at both ages.  Despite having increased, dominance 

variance was significant at age 4 but not at age 6.  The 

present findings indicated a significant contribution to 

total phenotypic variance from additive variance at both 

ages and from dominance variance at age 4 only.  It is 

possible that detections of significance may have been the 

result of Type I error due to single-site bias or possible 

bias from greenhouse/nursery effects. 

 The ratio of dominance variance to additive variance 

estimates were within the previously reported range.  

Consistent with the significance findings, the ratios for 

all traits decreased from age 4 to age 6, indicating an 
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increased relative importance of additive variance to the 

genetic control of trait expression.  By age 6, additive 

variance was the primary contributor to genetic variance in 

all traits. Despite the decrease, the ratio detected for 

age-6 diameter was still high, indicating that the 

influence of dominance variance on the genetic control of 

the trait was nearly that of additive variance.  Height was 

the only trait in which additive variance was found to be 

more important than dominance variance in both years. 

Across ages and traits, additive variance was found to be 

most important for volume at age 6.  In the presence of 

greenhouse/nursery bias, the observed ratios may have 

overestimated the importance of dominance variance.  

Conversely, the age-trend may have reflected the over-time 

waning of the extraneous effects and not an actual genetic 

pattern. 

 Earlier observations generally revealed low but 

increasing additive variances at young ages, varied trends 

at intermediate ages, and long-term net increases. 

Dominance variance estimates often increased rapidly in the 

initial ages and then remained constant.  The resulting 

trend is one of larger ratios at early ages that 

progressively decrease as dominance variance becomes less 

important to the genetic control of phenotypic expression.  
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It is quite possible that the observed downward trend in 

ratio was not an artifact of extraneous effects and 

reflected a true genetic pattern, which would suggest 

future variance patterns following the expected trends 

(Byram and Lowe 1986, King et al. 1998).   

  

6.2.3 Additive Coefficients of Variation and Heritabilities 

 

 Additive coefficients of variation (CVA) were used to 

directly compare additive variance magnitudes across traits 

and ages.  In both years, CVAs for diameter and height were 

lower than expected, based on previous reports, and those 

of volume were much higher.  At both ages, volume had the 

largest variances.  This pattern is expected to continue, 

in part due to dimensionality.  Traits measured in volume 

will always have coefficients of variation larger than 

linear/areal traits (Lande 1977, Houle 1992).    

 Broad-sense heritabilities for all traits were 

consistent with observations on the relative contributions 

of environmental variances to phenotypic variances. Neither 

heritability type followed additive variance. CVAs were 

largest in volume, while heritabilities were highest for 

height.  As expected, broad-sense heritability was larger 
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than narrow-sense heritability (hereafter simply 

heritability) across ages and traits.    

 The heritability estimates were much lower than 

expected and lower than many of the referenced studies.  

Potential reasons for the low heritability estimates 

include high within-site heterogeneity, immaturity of 

stand, reductions of additive variances expression/detect 

due to competition and/or truncation effects.  Future 

heritability estimates may be increased through intensive 

management (Lopez-Upton et al. 1999), though this is not 

the same as removing single-site bias.  

 From age 4 to 6, heritabilities for height and volume 

increased, while heritability of diameter decreased.  The 

observed trend possibly indicated a progression of stand 

conditions into a more mature phase or could simply have 

reflected a temporary time trend.  For all three traits, 

previously reported observations on heritabilities at 

intermediate ages varied, but long-term studies revealed 

some generalities.  Overall heritability trends in diameter 

usually resulted in net decreases Foster 1986, Byram et al 

2004, Gwaze et al. 2005).  Height heritability was 

generally maximized at intermediate ages and decreased in 

later ages (Franklin 1979, Foster 1986, Balocchi et a.l 

1993, Gwaze et al. 1997, Gwaze 2009). Heritability in 
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volume peaked at early ages, either falling from an initial 

peak or increasing for a few years before declining 

(Franklin 1979, Foster 1986, Gwaze et al. 2006).  It is 

reasonable to expect long-term heritability patterns in 

this experimental population will follow the described 

patterns.  However, with only two observations that were 

just two years apart, the current findings do not allow 

speculation on possible trends in the near future. 

 

6.3 Performance Rankings 

 

 A comparison of parental general combining abilities 

(GCA) for age-6 volume revealed parent 36 to have the 

highest genetic merit and parent 50 to have the lowest.  A 

comparison of the predicted versus the observed performance 

of the full-sib families (specific combining ability, SCA) 

confirmed a genetic model of inheritance that was broadly, 

but not entirely, additive.  Progeny performance 

approximately followed parental genetic value.  In other 

words, parents with above average GCAs generally produced 

progeny of above average performance, average parents 

produced average progeny and below-average parents produced 

below-average progeny.  In a completely additive genetic 

model observed progeny performances closely conform to 
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predicted performance.  Of the 10 predicted as "best" 

performers", only three ranked among the top 10 full-sib 

families, suggesting an opportunity to utilize dominance 

variance in future tree improvement activities. 

 

6.4 Implications for Breeding and Deployment 

 

 The progeny data from this study is informative to 

backward and forward selection of selected, deployment or 

breeding populations (Hodge and White 1992).  Based on the 

current findings of this study, future activities for 

shortleaf pine tree improvement in Missouri should 

emphasize the exploitation of additive variance through 

selection on GCA for volume; there may be potential 

opportunity to incorporate SCA future breeding/deployment 

schemes. Selection strategies focusing on GCA are justified 

by (1) the finding of dominance as non-significant at age 6 

for all traits, (2) the detection of additive variance as 

the most important genetic component for all traits by age 

6, (3) the observed decreasing importance of dominance 

variance, and (4) the general conformation of progeny 

performance of volume at age 6 to an additive genetic 

model.  The potential to utilize SCA is evinced by the less 

than perfect agreement between predicted and observed full-
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sib progeny performance and the large differences between 

broad-sense and narrow-sense heritabilities.  Although not 

reported here, bivariate analyses of narrow-sense trait-

trait genetic correlations revealed diameter, height and 

volume were strongly inter-correlated.  Consequently, 

selection on volume will likely result in genetic gain in 

all growth traits (Falconer and MacKay 1996).   

 If sufficiently positively correlated, selection on 

GCA may adequately capture SCA in the breeding population 

(Wu and Matheson 2004). Such correlations are exceedingly 

rare due to the processes of independent segregation and 

random assortment.  Subsequently, the utilization of SCA of 

forest tree improvement programs has generally been 

achieved through vegetative forestry or assortative mating, 

both methods often prohibitively resource demanding.  

However, much of the seed produced in the original 

controlled crosses used to establish this genetic trial 

remains in storage.  A finite resource demanding prudence 

and efficiency in its use, all families included in these 

analyses are represented in seedlots of approximately 1,000 

to 4,000 seeds.  These seeds prove an opportunity to select 

on full-sib performance with relatively lower costs. 

Compared to selecting on GCA, selection on SCA may lead to 

greater increases in gain, primarily due to greater capture 
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of both additive and dominance variance (Wu and Matheson 

2004).  However, in light of the significance finding for 

dominance variance at age 6, selection based on SCA alone 

could lead to unexpected results in this population. 

 There are several strategies for combining GCA and SCA 

selection, each with particular advantages and difficulties 

and potential for genetic gain, which vary by tree 

improvement goals and resources (Yanchuck 1996, Johnson 

1998, Wu and Matheson 2004).  For example, compared to GCA-

only selection, using an index computed from measures for 

GCA and SCA repeatability, heritability and genetic gain 

estimates for both types of genetic variance has been shown 

to maintain or increase genetic gains, use substantially 

larger numbers of parents and capture more SCA in the 

progeny generation (Yanchuck 1996).  Even though these GCA 

plus SCA mating designs are often technically, 

organizationally and computationally complex, the benefits 

of these systems may justify the enterprise. 

 In any breeding or deployment system there is an 

inherent trade-off between genetic gain and genetic 

diversity.  The long-term maintenance of genetic diversity 

is obligate to the sustainability of genetic improvement 

and conservation of traits that may have future value.  

With every genotype eliminated to achieve gain, the genetic 
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diversity of the population decreases (Johnson 1998).  

Numerous breeding and production strategies have been 

developed to sustain short-term diversity, but with 

advanced-generation mating, all closed breeding populations 

will progressively increase in relatedness and eventually 

suffer from the deleterious effects of inbreeding (White et 

al. 2007). 

 A method to delay problems with relatedness is one in 

which new, unrelated genotypes are introduced into the 

breeding population, an approach potentially of especial 

benefit to Missouri tree improvement.  Expanding the 

breeding population would ameliorate inbreeding concerns 

and well as those regarding the current size of the 

breeding population.  With 50 parents, the current 

population is well below the recommended size (Burdon and 

Shelbourne 1972).  Genetic gains are attainable for some 

generations, but over time, relatedness will become 

problematic (White et al. 2007, Bridgwater 1988).   

 The importance of the maintaining genetic variation in 

breeding and deployment population in future shortleaf pine 

improvement activities in Missouri cannot be overstressed.  

As economies and technologies change, so too can trait 

desirability.  Without both adequate genetic variance and 

presence of favorable alleles, populations are unable to 
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respond to selection pressure through sexual reproduction  

(Namkoong et al. 1988).  The necessity of genetic variation 

adds an additional dimension in view of current shortleaf 

pine restoration efforts in the state.   

 Currently occurring in a fraction of its historic 

range, shortleaf restoration is a priority, yet natural 

regeneration is generally inadequate (Cunningham 2007, Nigh 

2007, Stambaugh and Muzika 2007).  Present regeneration 

needs are being met with improved material; this is not 

likely to change in the near future (Gwaze et al. 2007).  

As with changes in economies and technologies, future 

changes in environmental factors (i.e. pest pressure, 

climate etc.) cannot be reliably anticipated.  Moreover, 

ability to respond quickly may prove to be advantageous 

with accelerated global environmental change, further 

highlighting the necessity of genetically diverse breeding 

and deployment populations  (Namkoong et al. 1988).    

 

6.5 Principal Conclusions 

 

The principal conclusions of this study are: 

1.  For diameter, height and volume, additive variance was 

found to be significantly different from zero at age 4 and 

age 6.  Dominance variance was only significant at age 4. 
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2.  The contribution of additive variance to genetic 

variance increase from age 4 to age 6 for all traits. 

 

3.  At age 4, dominance variance, relative to additive 

variance, was more influential to genetic variance in 

diameter and volume.  Genetic variance in height was more 

influenced by additive variance. 

 

4.  At age 6, additive variance was the primary contributor 

to genetic variance in all traits. 

 

5.  At age 6, additive variance was most influential to the 

genetic variance in volume, relative to diameter and 

height.  At both ages, additive variance was largest in 

volume, comparatively. 

 

6.  Heritabilities were low in all traits and were much 

lower than expected, likely due, at least in part, to 

increased phenotypic variance resulting from differences 

among blocks. 

 

7.  At both ages, height was more highly heritable than 

diameter and volume. 
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8.  From age 4 to 6, narrow-sense and broad-sense 

heritabilities for diameter decreased, and those for height 

and volume increased. 

 

9.  From parental general combining abilities for volume at 

age 6, parent 36 had the most genetic merit.  Parent 50 had 

the least. 

 

10.  From volume at age 6, the genetic model of inheritance 

was broadly, but not entirely, additive. 

 

11.  The findings of this study indicate that tree 

improvement strategies will likely achieve greatest gains 

through selection on GCA in volume and may be able to 

utilize SCA. 

 

12.  Future management and research needs of shortleaf pine 

improvement in Missouri include (1) diligent maintenance of 

genetic diversity, (2) expansion of breeding population 

with unrelated individuals and (3) estimation of genetic 

parameters across varying ages and environments to broaden 

the inferences regarding genetic structure of shortleaf 

pine. 
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